
IO^S 

7uLuad^efio>ti 

'fr- 

No. 13236 

LECTRIC   DRIVE   STUDY 

VOLUME    2    OF    2 

CONTRACT NUMBER DAAE07-84-C-R01 7 

DEC 1987 

20010920 137 
By 

APPROVED FOR PUBLIC RELEASE 

DISTRIBUTION IS UNLIMITED 

Waldo E. fociler, Jr. & 
Kenneth W. Shafer 
FMC Corporation, 
Ground Systems Division 
P.O. Box 58123 
Santa Clara, CA 95052 
FMC Report 1 4658 

REPRODUCED FROM 
BEST AVAILABLE COPY 

• U.S. ARIvlY TANK-AUTOMOTIVE COMMAND 
RESEARCH, DEVELOPMENT & ENGINEERING CENTER 
Warren, Michigan 48397-5000 



NOTICES 

This report is not to-be construed as an official Department of 
the Army position. 

Mention of any trade names or manufacturers in this report shall 
not be construed as an official endorsement or approval of such 
products or companies by the U. S. Government. 

Destroy this report when it is no longer needed. Do not return 
it to the originator. 

m 



APPENDIX A 

TECHNOLOGY SURVEY SUMMARY 

A-l 



A p p e n d i x A  T e c h n o 1 o q y S u. r v e y S u. m m a r y 

A. i  Technology Report 

As requ i red by c o n t r a c t D A A E 0 7 - S 4 - C - R 017 , a c o m p r e h e n s i v s 
technology survey report was prepared between February and Auqust 
1984. This report details the approach and results of a survev 
o f m o t Q rs, s a 1 id- s t a t e c a ntrols, a 11 e r n a t o r / gen e r a t o r s , a n d s s r v o 
components which were potential candidates tor the advanced 
electric drive study. In addition, solid-state components and 
various materials such as advanced magnetics were included in the 
survey.  The survey report was approved in January 19Ü5'. 

H , li Survey Update 

The motor tree at Figure A.2-1 formed the basis tor the motor 
survey. Results of the survey effort -for motor selection is 
shown in Figure A. 2-2. This selection process was the result of 
an extensive matrix /tradeof f analysis and was initially used in 
early concept development. "As the concepts wer e r e-f i ned , 
performance vehicle -factors became an influence in the motor 
component selection. The result o-f the influence was the 
selection o-f the Homopolar motor -for the DC system and the high 
■frequency induction motor tor the AC system. The selection of 
these motors tor the Configuration i analysis dictated the 
additional system components such as the motor power 
conditioners/controllers and the alternator/generators. 

Figure A.2-3 compares the selected motors with respect to 
operational and characteristic attributes. The hybrid permanent 
magnet <PM) "brushless" motor is included in the comparison to 
indicate the effect of relative complexity introduced by the 
total PM motor/power conditioner system. In this comparison, the 
DC and AC motors operate independent of an external power- 
con diti oner. 

It i s a p p a r e n t f o r t h is u p date c o m p ar i s on that n o clear "be st'' 
motor companent se1ection is possib1e si nce each di ff erent type 
has certain advantages not shared by the other. 

Motor power controllers/conditioners a.r<s compared in Figure A.2- 
4. In this comparison, the DC system appears to have some 
advantage due to the inherent gain of the DC motor and thus the 
lack of any power semiconductors. The power 
controllers/conditioners for the AC and hybrid motors arm all DC 
to AC inverter systems and are designed around large power 
s e m i c o n d u c t o r s, 

W c omp ar i son of sei ec: t ec: 
s h o w n  in f i g u r e A.2-5. 
c a n d i d a t e i s a s t a n d a r d a i r c r a f t 
ncy of 400 Hz . 

a lterna t o r & n d g e n e r a t o r t. e c h n o I o g i e s is 
In this comparison,  the AC  alternator 

iesi gn wi t h an oper at i nq f r eque-- 

The present s.tatus of ca.nd i date power semi conductors :i. s shown  i n 
Figure A.2-6.   As expected, the semiconductor industry continues 
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to  work  on  improvements to increase the voltage 
capability and reduce the turn-on/turn-off time.   Nc. 
technology  break-through's s.re   presently ■foreseen i 
which  would produce a radical improvement tor use in 
drive systems. 

,nd      o .>.'.' r orVI. 

s J. q n i ■ f iCiäli'( 

thl S arei 
h i Q h power 

it  is un-fortunate that the majority of high power- 
research is beinq done outside the United States» 

semi con at 

Figure A.2—7 documents the trend in magnetic materials used in 
p e r in a n e n t m a q n e t m a t o r s. W i t h t h e l n t r a d u c t i o n of 
Neodymiurn/Iron/Boron, an alternative is not available to replace, 
Smarium-Caba.lt magnets for high energy density applications, 
Neodymiurn/Iron/Boron will continue to be improved and should be 
seen in products within the next 3 to 5 years. The use of this 
new material should yield a significant weight reduction and 
associated cost reduction in motors and generators. 
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ELECTRIC MOTOR FAMILY 
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Figure A.2-1 Electric Motor Technology Tree 
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ß.l  Analytical Methods Used For Pertormance Analysis 

ÜLtr Performance analysis used validated computer procrams ro 
evaluate all significant factors when preparing performance 
predict! a ns. E ;•; i s t i n q praqr a ins we r e a d a p t e d to m e e t t n e s p s c :i. f i c 
analysis requirements of this project. These existing or oar ans 
were based on the principles of SAE recommended practice .JbwS., 
with appropriate modifications for tracked vehicles. ;.'he 
resulting programs produced the following specified data: 

J. . "i r ac t i v&   ef f or t. vs. sp eeci 

A c c e 1 e r a t i o n 

Startability on grades 

Maximum speed on grades 

ii :i. nieii u m t u. r n r a d i u s v s. s p e e d 

! he  programs  were  i ntegrated on a  conservat i on 
basi ss 

of  energy 

L 1 1 < I npu•(■; 1-1P - Loss HP > * (Dr i ve ef f i c i ency) = Fower out pu i 

The input horsepower is the engine horsepower at its operating 
speed less the appropriate deductions for altitude, temperature, 
air cleaner, muffler and grills. The loss horsepower includes 
such items as cooling fan, auxiliary generator, hydraulic pumps 
and similar parasitic loads. The drive efficiency is measured 
from engine flywheel to sprocket to fairly assess added losses 
due to speed up transfer cases to drive high speed generators or 
high ratio final drives to match high speed motors» The power- 
output to rolling resistance, windage (air resistance), grade 
r ssi stance and turning 1osses. 

The power budget for the input horsepower is as follows: 

1. Rated engin e horsepower 500.0 

2. Conditions (standard) -- 0.0 

3. Air cleaner & muffler — 5.0 

N e t i n p u. t h o r s e p o w e r   4 9 '5. 0 
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The power budget for parasitic losses is as loliows: 

495, 0 

•■-■ 5 . 8 

- 3. 0 

44u„ U 

1. Net input horsepower 

2. Fan (sized -for ballistic grills) 

3. Auxiliary generator 

4<  Hydraulic pump 

Net i nput horsepawer 

The drive e-f-f ici ency is determined as follows . 

1 . t3enerator  (or alternator) efficiency is estimated from  data 
tor similar items and -from manufacturer's estimates.  Since these 
e-f-f i ciencies  are  essentially  constant  at loads  over  2 b 7.  ot 
rating,  and the analysis is -for -full power,  a fixed  efficiency- 
value is used for all calculations for any given generator type» 

2. Power conditioning and control equipment,, like the generator, 
have  essentially constant, efficiency under normal loads and  are 
therefore  also  held at a fixed value that is based on data  for 
similar items and on manufacturer's estimates. 

3. Motor efficiencies under normal loads a.raa primarily a function 
of armature speed (RPM). Curve fits have been made with 
correlation coefficients of at least 0.99 and the resulting 
equations Are used to calculate the efficiency of each motor at 
each operating point, of every operating condition. This detailed 
approach becomes particularly significant in turns, when each 
mot or has its own i n d i v i d ua 1 ef f :i. c i en c y at BB.C: h op er at. i n g p o i n t. 
Refer to Section 5.1.4.6, Figure 5,1.4.6-8 for an example of the 
differentiations between systems that result from this precise 
analysi s. 

4. Power  öut p ut  mList equa 1 t h e sum r o111 n g  r es i st an c e ,  w i nd 
r e s i s t a n c e ,  grade  resists n c e  a n d t u r n 1 o s s e s s o  s t e a d y  s t a t e 
operation can exist.  These values are   determined as fallows; 

o Rolling r es i st ance: 

Rolling resistance has been based on a value of 100 pounds per 
ton, which has been found to be a reasonadle value for tracked 
vehicles on smooth, hard surfaces. 

1211 

Where?: 

RR = GVw" /    2000 * Or 

R R = R o 11 i n g r e s l s t a n c e i n p o u n d s 
S'v'W := (Brass veicie weight 
Cr = Rolling resistance coefficient 

( 100 pounds per ton for this study) 
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o Wind resistances 

Wind resistance has been based on the specified frontal 
a drag coefficient (Cd) of 1.0,  vehicle speed in MPH, 
coefficient  of  1/39.1 for  standard  conditions  fret. 
Dynami c  Drag, Dr.-1ng. Si qhard Hoerner)- 

These values are used as follows: 

f-3'.'J       Rw == Af * Cd * (MPH -'" 2) / 391 

Where: 

and  a 
Fluid 

Af - Frontal area   in square feet 
Cd = Drag coefficient (estimated at 1.0) 
MPH = Vehicle speed, miles per hour 

o Grade resistances 

Grade  resistance  is  calculated  from  the  basic  geometric 
considerations.  The equation used is; 

1141 

Wherei 

Rq = GVW * Sin (Atn ( GR / 100) 

Rg = Grade resistance in pounds 
GVW = Gross vehicle weight in pounds 
GR = Grade in per cent- 

o Turning losses: 

Turning losses consist of power dissipated in scrubbi 
tracks around a turn and regeneration losses due to ine 
n c i e s in the rege n e r a tio n s y s t e m „ "i" h e s e v a 1 u e s o f s c r u 
horsepower and regenerative horsepower ara quantified 
methods originated by Merritt and updated in TACOM Te 
Report 10969,"Investigation of the Factors Involved in 
Tracklaying Vehi cles", As the method is comp 1 e;•; , ref er 
this report is recommended for those who want the detai 
analytical method. The "Scrub Horsepower" is applied d 
as a loss. The regeneration loss is found by first det 
regen er at i on ef f i c i en c y f r om mot or speed and con 
e? f f i c i e n cy, as is described f o r d r i v e ra f f i c i e n c y 
Transf sr Horsepower i s then mu 1 tip 1 i ed by t he re<::ien• 
efficiency to determine the losses due to regeneration. 

n q t f 
f f i c i ' 
0 

usi 
c |-i n i c 

Steer 
ence 
1 s of 
irect 
er min 
t r o 1 1 

"I 
er at i 

nq 
a J. 
ing 
to 
the 

ly- 
ing 

he 
on 

ll-H 
of 

a b o v e a n a 1 y tic a 1 m e t h o d •; lave been integrated i n- 
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tractive effort vs 
:o solve for specific operating conditions such  as 

speed 
m a ;■; i m u m s p e e d v < 
Ii 

speed 
qrade 

time, speed vs, 
and minimum 'turning radius 

a i s •_ a n c s , 

n ea.cn case the complexity of the calculation necessitates an 

iterative solution. The appropriate variable is increased until 
a power balance is reached and the requirements of equation C13 
above are     met,,   The  performance  and  load  values  for  that 
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B. 2   D a t a T a ta 1 e D e scrip t :i. a n 

The tables in A p p e n d i ;•; B p r o v i d e d e t ai 1 e d q u a n t. i f i c a t i 
results discussed in the report and the power train load and 
speed data required by the contract. The following tables 
tabulate the performance analysis data used in tnis report, 
Tables Are organized to facilitate comparative analysis b\ 
grouping by type of performance, and presenting dat 
the various vehicle and drive types within that, group 
t able g r ou p s ar e; 

A. Speed vs. grade and tractive effort 

B. A c c e 1 e r a t i a n 

C. Sprocket, and motor speeds and loads for maximum turn 
condition 

1J 7^,  1   ,~t. 

D. Gear speeds and loads at maximum turn condition 

E. Gear  speeds  and loads at maxi mum  tractive  effort 
condi tion 

Within these groups are performance results for the following 
vehicle a n.d d rive t y p ess 

!■   19.5  ton,  Configuration I,  AC induction motor drive 
system 

2. 19.5 ton, Configuration II. AC induction motor system 

3. 19.5 ton, C o n f i g u r a t i CD n I , D C h o m o p o 1 a r s y s t e m 

4■    40  ton i      Conf i qurat :i. on I ,  AC :i. nduc:t i on motor  dr i ve 
system 

5.    40 ton, Conf iguration II, AC induction motor drive 
system 

&•    40 ton, Configuration I, DC homopolar system 

ladles can be easily located by combining the heading letters and 
numbers from the above listings. As an example, acceleration 
data for the 19.5 ton, Configuration II, AC induction system is 
in table b' 2. 
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B. 2. A   S p e e d V s G r a. d e A n d "I" r a c 1: i v e E f f o r t "I" a b i e s 

The -fallowing tables provide speed vs. grade data plus correspon  
ding sprocket speeds and torques. They are divided into three 
sections consisting of Title Heading, Data Input and Results. The 
Title Heading provides in addition to the title, traceaDiiity 
data o-f program authors, revision data and run date,, 

The  data  input  section  inputs .general  vehicle 
parameters plus operational assumptions such as; 

descri pt. i on 

i„    Maximum  speed;  A value o-f 45 HF'H has been used as  a 
contr act r.equireinent. 

2. Drag  coefficients   A value of 1.0 has been used as a 
reasonable, yet conservative value throughout this study. 

3. Rolling resistances  A value of 100 pounds per ton has 
been used to represent operation on a smooth, hard surtac 

4. Engine gross horsepower;   Values of 500 and 1000 have 
been used for the 19.5 and 40 ton vehicles respectively 
as directed by the contract. 

5. Engine loss horsepower;  Values of 60 and 120 have been 
used  for  the 19.5 and 40 ton vehicles  respectively. 
See Section A.II.i for a sample loss budget« 

The results section of these tables provide the following data; 

1. Grade  <7.) s   Increments have been selected to provide 
the range of data specified in the contract» 

2. Speed (MF'H) ;  This is the maximum speed the vehicle can 
maintain on the specified grade. 

3. R e s i s t a n c e   (P o und s) s    "I" h i s  i s   t h e   r e s i s t a n c e 
encountered when operating at the stated speed on the 
stated  grade and equals the tractive effort  at  this 
1 i m i t i n g c on d i t i on . 

4. Sprocket  Torque and RPM.   These data can be used  to 
calculate torques and speeds required in related drive- 
t r a i n c o m p o n e n t s. 
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B. 2. B  Accel e r a t i o n T a b 1 e s 

The -following tables provide acceleration data consistinq of 
time, tractive effort, speed, distance and sprocket RFTL torque 
and horsepower. These tables are divided into three sections 
consisting of the Title Heading, Data Input and Results, The 
Title Heading provides in addition to the subject, traceabi1ity 
d at a of pr ogr am aut hor , oper at or , pur pose , r evi si on dats an d r un 
.d ate. 

The  Data  Input  section  inputs  general  vehicle   description 
p a r a met e rs piu s opsrat ion a1 as sump t ion s such a s: 

1. Coefficient of drags a value of 1.0 has been used as a 
reasonable,  yet  conservative  value throughout this  study. 
This  coefficient  is multiplied by the frontal ^nsa   and  the 
v e 1 a c i t y h e a d t o p r a v i d e a i r r e s i s t a n c e. 

2. Rolling resistance; a value of 100 pounds per ton has been 
used to represent operation on a smooth,  hard surface.  This 
value  is  multiplied by the gross vehicle weight in tons  to 
obtain vehicle rolling resistance. 

3. Coefficient  of friction;  a value of 0„7 has been  used  to 
represent  the  contact  between the track and  the  roadway, 
This  i s  used t o limit the ma;•: i mum pos si b 1 e acce 1 er at i on  t o 
the value that the selected adhesive condition will allow. 

4. Mass increment for rotation;  This value has been calculated 
from  the  motor  and  gear train data.   It is  input  as  a 
fraction  of the trans! ati onal. mass of the vehicle,,    In  the 
calculations,  the  trans'! ati onal  mass  of  the  vehicle  is 
increased  by  this  amount to  correct  for 
inertia of the system. 

ne  r ational 

D. Grade, '/,: This value is determined by the operating 
s i t u a t ion.   M o s t  c a 1 c u 1 a t i o n s hi a v e u s e d I e v e 1 (0 "/.) ,  b u t i t 
was also used to confirm starting performance on a 60% grade. 

The results section provides the following acceleration data; 

1. Time (seconds); This is cumulative time from the start of the 
run. As directed by the contract, no allowance is made for 
t h r o 1.11 e r e s p o n s e t i m e „ 

2. Net tractive effort (pounds); This shows the tractive effort 
available at the corresponding time,, It can be either power 
o r a d hi e s i o n I i m i t e d . 

Speed  (MPH; 
ti me. 

ihis is the instantaneous speed at the  given 

4. Distance  (feet);  This is the cumulative distance from  the 
start of the run. 
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Sprocket  RPM, LB-FT and HPs These data can he 

ca.1. cu.I ate speeds ,  torqu.es and powers requi r ea 
drive train components. 

B-15 



» «* * 
0» •• « 
X If* * 

es « 
»• I * 
«19 « 

« « 

o 
I z 

> 3 

» »* «> » lj- o « * « l/l IN « « or M or » « UJ a t- « « -J Ul u * » UJ _l Ul « « u _J « • u QC Ul « • < •• •• • « OC UJ • « UJ O VI « * _l H- O « • u * o. « « M or or * # z Ul 3 « 
♦ UJ a a • • > o « 

D 
fie e • 
ae e 
a 
IL 

• ¥ 
oe 
U M 
z NU 

UJ 
V) o 
V) < 
•a ft. 
X L3 

O 
oo •   • 
«M © 

O O 
H    ■* • 
O   M O •* 
DC   C H 
e o 

♦» T 
lt\W o 
o JS © 

»4 • »»- 
■W « u 
z  • M 
UJ UJ II or 
M u> u. 
U T ■ 
w •* C u. 
U. H «4 D 
IL V) 
UJ M •>- 
OMI sc 
ÜUJU UJ 

DC N" w 
M u 

O o. M 
z u. 
M tt UL 
-1 u UJ 

« 

« 

« 
« 
« # 
» « « 

« 

U • 
z • 
a • 
u • • • • 

c • 
e « -* • *• • 

Ul£ 
K U 
u » 
o • 
or 
CL a. 
m c 

Ul IB 

o 

«> CO <H 

h> «4Vicop4m'jor«moem*40 
Ul *■!        O        -*        CD ■     rr>        •*        -4        o        0*        <*        OK        *M        <M        fn **:•.•••••••»<>•• 
ua©v*©'0«-irfc»<iMmrNiM.oco 
o L -<m«»«o#»o>o*4fyo>-#f" 
or w •«      x      x      x      *M      IN 
a 

«      ••      x 

• m 
• t- 

a     e x   i 

o ui in 
• x * ui 

t- a* ►- x ■ * 
O        H *- 
•*    • Ul     • 
Ul >-    • MT   C 
31 *- 0. L> X 

IM X O 
Ul U Ol    • 
J O i» CL « 
u jvioiu 
M Ul O OS 
X > ec a.« 
ui     o o 

» m • 
3 03 « 
e I • 
.c »• « 
w« • 
ex« 
-< I » 
»<o • 

• « 
3 £ « 

a « 
La« 
en« 
o- e • -> » 
■ • 
♦» e»« 
• X   « 

c >> »      in 

03 »» «9 *J 
<*     <o     o     e 

o x o it o 

ui      • 

B-16 



* « » « 
« 

lux      pgrsj«4*«*4oooe*o*OHOt^9 

uAO»*e>O'0»^9»o»o>«Baoa»«Dflo 
o»«-"->»«»f-f-»--i»>-»-f-»»f-f- 

a. a 

« « « <"> 
« X 

# uiaeD«40e«inincD«*9vrtbnr»in*tAio»n<M 
* x •••••        t        •••        i        ••••<••        t        . 
» o 09>*»*omorg*»orMO'n*4mflD«o«to 

« K »■      o>-i»<»miM.«o»o>tsa>r>»-f»«<o« 

•o     »*     •* 

u a 

<M        «0        0> 

« a <•>     •••»«■n.*nir>>in.4»<Cf-m«>n 
» uJXbn*«'«o«Minr»flowtBr»«nm«4flotA 
• iua*a««>a«i<><t>ti 

« •    I 
• 3     I 
• C      I 
»-*   I 
» ♦*    I       • mr»**mNmt»fM«r»**0»bft«Bt» 
• c    |     iu          «4*j0tiftt>»«mfB«*ftmbnmoin 
«oi      •»•••••• •       . 

*w    i <oflOo»no«>ir*<oflOAfeovt*«*in 

• •- I      3! W "* «I      «l      ■»      -i      -i 
• -l I 
• 3 | 
• v> I 
• 111 I 
• ■ I 
• Ul'SOOOOOOOOOOOOOOO 
• zuooooeooeoooooeo 
• Mt ••••■•••• 
• ^n«n<o*»ao9»o«Mf«jm«u>-oa>0O« 

« « 

B-17 



IMMMMMM M «MM M M MM M M M ~ 

m     -  *4 M 
X   ■ 
u a 
a k o     x 

V- lf\ M 

M 
a 

» uj a 
« •• & m 

Irt w 
♦ 15 « • 
* 3 
» e 
« M » •< • 
• c IU 
« o • *> 
• u »- «1 
• w £ » *- —t 
» *l UJ w 
* >- 1 z 
* _l * = 
« VI 
# UJ 
« at « tU *S • x. u « M • 

ff» IM *- 

*■  -t 4 

B-18 



» 

r»  '  tf> 

a m 

a      *•      ** * * 

K c 
u a 

• iu ft 9 • • • 
» •■ 

• TS • »   • • 
«   3 • 
«   C • * •* • **> 
*  C UJ w «4 o m • « o • #«\ • • • • • 
• ~ .o IA m e a> * • 
• «1 UJ W ,. 
» t- z » 
• -1 • 
» 3 • 
• K> • 
• UJ • 
• a • 

B-19 



«-J 
X 3 -) 

» 
* « « 
* « 

• •" M 
«O I* »4 •* 

U ^ 0. 
M Be or 
X        UI3 

o o < 
-< e 

o e 
N -* • 
e II e 
4 ft c N 
C o 

+* Z 
IL V ifi o 
O -fi c M 

«-4 < *- 
H- •c u 
Z » 
Ul UJ M W 
Ht *J it. 
u ar 
M 4 C U. 
u. *- «1 Cl 
IL U» 
IU M • »* 
O (* X z 
u UJ u UJ 

DC ►- M 
M u 

(3 a. M 
Z U. 
M * u. 
-1 u UJ 
-I « a 
e oc u 

» 
DC • 
Ui « 
tu « 
H- « *rt * 
V « 
Z « 
a » 
M • 
V) « 
_l • 
3 • 
a • 
a » 
ee • 
a » » « •-• • 
M « « *• « 
a » 
Ui « 
u « 

e     M 

OA M *4 14 «t *« H 

ci a 
D 1> 

• * M        0> • • • • 
O « ft|        »4 

OX 

* # 
* 

« 

ll tn 
*        R 

» O 
■e     e x   t 

eiutfl 
» x * UJ 

K- a * i- 
x ■ a 
(A        «   t- 
M    » Ul     • 
»^  me 
X i- «. u — 

M x a 
UJ u      or   • 
JOVILO 
U JVIUIIU 
MUD      a 
X > BIL « 
Ul       is o 
> X       J 

3IUQI « 
V)ZZUJH 
vi »H »* a z 
o K <3 x a 
K<Z3tI 
I» X Ul Z IL 

■ m • 
3«0 * 
e i  • 
x >■ • 
o>« * 
ex» 

•H   I    • 
•< O « 

a « 
L • • 
o •> » 
»■ o » 

-1« • • 
■ •< • 

■o • • 
k « 

>>u # 
u      • 
C X* 
• X • »<     • 
•*     » *•     * 
»■     • 
Ul        • 

e     **     CM 

«O       Vt        ^        »4 

-I I 
3 I 
l/> I 
Ul l 

O •* IM 

B-20 



»     I» 

&>     •*      K 

* c        • 

o u     e r»     o»     ** 

4»               UJ           «nf^9»m«4«'Nj«4Nm<ANNBm9>ii>a9 

» *«       «•• ..ti.t« 

« H 
• a 

« » « • 
• mat.       •...•••....  
• ••iü.««*©*jmiA«OKOotF»©ot**Mmm<#t«ii% 

» TJ     I 
• •   I 
• 3     I 
• C     I 
• -<      I 

«citu          a9»o««9h>fn»*4«Ofnotn<e<#e« 
« e    I      • «■»       •       t       •       •               t       •       t       •       •       .       •       • 

»•-I      « W 

• -l    I 
• =    I 
• f>    I 
• m     | 
• «      I 
• tu^eoeeoeoeeeeoeeoeee 
• xuooooeooeooooeoeooo 
«     »•••#•••••#••••  

B-21 



« 

If*  *4       0*  «c 
N   p4   9»   OD ff»   CD   f-   K 

x m 
u a 
e L. 

c* ^ m » 
t • • t 

C* tA w< <c 
* « » >o 
<o <o « <e 

«  **  o< 

«OK» 

• •• 

• ■ 

• C 
« a 
• u 
• w • 
• V) • (- 
• -J 

• w 
»a 

••  ■*  <B 

a.  ■ 
*» w 

m*       *C       m 
tf»  •  V 

*J   N   «M 

B-22 



* t 
# « 
* * 

« » 

* • » » » • « • 
« s 

* I 
« « • * 
« K   u          ••••••••        * 
• o  »        -        «        —        «..««■*»«• 

« a. a                                                                         • 
♦ *> x « 
» w                                                                          • 
* S * S 
* s 
« *■>                                                       • 
» X                                                                                                         ♦ 

• »<•••••••••« 
* o*'G0,B»--<O'Omm« 
« K *■      miMPg«ir<<s<M~» 

• v> x • 
« -i                                                                        » » «                                                                          * * # « « 
« « * * 
♦ Ui*«**«*        «CO»        **•*©•*-*# 
« ac E        t        •••••••      » 
« ua«Mm^«aBNin«e* 

♦ act/ «<e<oi»^f»p»r>*> 
« B. • 
»vi « # « * » 
« « » » « tu         mm     +      +     m     +     mtn» 

« «*'Aj<ooi'>ovt**"4* • t-».      mo><or*«m'v-*« 

« o                                                                               • * » « • * • * • • • 
» ui x      4-r>v>>vi«F-a>o» 
« in a      ••••••••     « 
• ••!&.■      m     mm     «««««• 
» -o    i                                                                                       • 
» •    I                                                                                       • 
«31 • 
• c    I • 
• ♦<    I •         «><»<eoo»*0tiA* 
• ciiu Nt~**v\r-*-<*tn* 
» o   i      •<-> t     • 

*w    t xrn*40«<e*A4OO* 

«VI       I         UU * 
• ►•     I       z • 
• -I   I • 
* 3     I • 
• «I     I * 
» <u     I                                                                                                             « 
• «   I • 
• iu<->     eeeeeeoe« 
* xuoooeeoe««* 
* _. •       .       .      • • -o 
« t.»M»im«iA«r»r-»c 
• w*«<#««<*««     • tu • • 

B-23 



* 
« 

o 
DE e 

• it 
at 
U M 

« a 
a 
I z 

> s 

« « 
« 
» 
« 

» » 
* 

111 £ 
X U 
U • 
o • 

ea*«>4<#<0«>o«M 
cjOfuLftmurttn«« 

o 

a 

• W « ©     e > » LU a « VI _l * 1   M         •* M * x • « »M < » • or • (j « er VI • L5 a     e O • a ♦* • ULI o « m • at <•- « *- 0. « at e      « z • a. I * u O * a o »-I ♦t LO JS » m K * *<        2 3 « 9+ » ec 0. • U. V "> o *- • VS « m « O .fl  O M « » X LU 0 •-•   • ^ M * * u > • i-     «o u M « « M « Z     »         M * « z W « LU-LU   II   or ♦- • « o a « M U        IL CL • ¥• « « U Z    • LU • LU «■» * *■ u * M «   C IL U * K   C « « VI ►* *t ith^a z • u a » QC m or » IL IS) a « O   L « LU 3 ^ 0 LU •*     • »- u » QC w « U LU O • □ Irt X Z • » » a « LU _J LU * LI LU  U LU « */» » U -1 • QC  *-  l-l » « u DC LU « M O • « < •• • • « 191H « » OC LU « Z         IL « « LU a */i « MtfIL • « _J h- a « JUU L • LU • u « a. • -1 « o e • W « *4 tt oc a OKU <* u> • z« • X UI3 • QC L- e co ♦ m ** « LU a a » ■ | • h» • > a « B» * in w « « fl L « * »4 « • O • X • O « * e 1 1 • » • o e o « # « e» 0.N • « « m o • 
0 • e     M ■ L • » * •          tN e • • e A « * H  IA X V • LUX « • ■*     II «4 * in a » « m O L • « a. c » * .e      ox • 0 LO • M w « • HI      • I- ^- 1- • » • O  LU !*> • * • QC • »£ 4 u ■ C « « LU • *• a * t- ♦* • • * ^ ut • x « 0 •JO« • O M » u>       « I— ^ • ff « O X • M    «         LU • >>» LU • DC LU * •• LU ^     t  X c k.D « • r* • ml « *- ai-tiu ■H U • L-   « » • ■ * 3 •* X o c C » £ « LU LU # O. IUU         CK » • • « ••   1 t- ^ • ■ • • Z joint < «4 » • <n   \ LU W » 3 QC # M u jvlio LU U ■»« • »-    I z * « HIÜO oe «ri 0>» _i   i » • < X  >  K  IL « * • 3     1 « « ►- LU         O © ^ * V»     1 » ^ « « > X .J LU • LU       | • * CO • • a 3LUCC 

to X Z ui 
4 
K 

* • at   t 
LU /^ » » »HMD z • X   V « • OKUX o * M   • • * « « 

• • • • 
KZ3 
LS X LU Z 

QC 

IL 
» • * • 

1-   II 
W 

K IA «1 -»0 -♦ a-4 
o »»* m «i m f*. 
«0 <-4 «O * * »45 
m <^ «e «v rn N 
N ■< M ■» «■ H 

B-24 



Ml X. 
U   U u * 

• x •       «       • •••#•• 

* or <K      r»mm*j»409>«wr»'»<o>o 

• «ox 
« f-i 
# w 

I *"S *4 (M «4 

M        V* f- 

« 

* 
■*        »        V\       9< 

*i     ^      in     * 

a»     N     *     m 

*     «o     »*     «o 

f»        f-        <C       »* 
N     e 
o     m 

• 
• w> 
» t- 
• _i 
« 3 
• IA 
• IU 
• K 

B-25 



N M f. r»     >♦     •*     as 
t        •        •        • 

M «* «H O 

a. a 

*- u      -«     m 

Be <*- 
o. I 
in« 

<-> a 
o L, 

to w 
M 
o 

«o     ^.     *» 

* 
« « • •• • "> 
» • 
«   3 • e 

• c • e 
» u 
• 
• t- 
• -I 

•> -O M 

« P4 »4 

■ •*      ^     o >-     r»     f». 

i; u     e     e 
M   • • ■ 

w        N        *1 
•O        ^ 90 

B-26 



• • * * • 
• # • « « • • 

♦ • • • • • • • • • • • « • • >- r* Cl m m * « 0» ** <o P4 00 # • IU £ 09 <e •* r* e 09 •* IA •* m • « * u * * u n 00 ao as OD m •» f* ^ t» • o • IA IA IA IA IA IA IA IA tf\ IA • • et ** ■4 •* H •* •4 •4 pH w4 •4 • « a. a • • trt £ • ts « • « • « • • • • • • *% • • £ • • ►-  U m * ao ►» O <# OS 0» <e •* * « IU   «1 •* ■# e e * e 0* m ■c •- • • V   • * • f- ff> *• IA oo AI IA e + in • « o ** o C» e* OB l~ ^ <o « IA IA • • * • * f) £ * « f-4 • * W • • • » • • • « » « • « »- N •> •4 O l~ «4 ■r IA >0 Al * 
X C * 

acw«     «»or*     ^^     ."-.*•*»*-# 
a. * 
1/1 # * * « * 

m t/v tN 

» ».-.•••• # 

• s | 

» • 
• o^om^iAiA^Aje*»o# 
• lUf *«000OM*«»t»»O» 
» IUCIIIIIIIIII« 

»£      J K»W * ♦ « * ♦        * ♦        *        * ♦ 
• •   I • 
»SI * 
• e    I • • -»    1 • 
• •>    i. *^m«moAi*«D0i>« 
» c    I ku          oo*oHmiOf*iAOAi^-# 
• 01»«       ,.t.. • 
»ulH-«io>o>o>«Mri<AeiAe^-* 

• i »-rt      »**•♦■♦*•»««<"• 
• 1/1      I IU W * 
• »-IX • 
»-J   I • 
• =   I • 
• HI • 
• I»     I * 
•«   I _    • 
• IU A      oooooooooo« 
• Euooooooooo»*f> 
• M   • •#..••«.•••'0 
• Hfl«4Nm«IA«P»0Oa<t»*C 

• 2 
• • 

B-27 



« 
» * 

o       » 
in -      « 

t. o • 
«3 • 
X •» * 

I • 
-l IM « 
m x « •• » 
«in <t 
Uli- • 

D 
DC O 

Z 

« « » 
f» 01 -> 

kg u 
u ■ 
D • 

a t- a. * or c It 3 « a.   1 mt •H * U a « o e 1- • tf»X m m « m cc • #* z « w* « Be a. • u. v m o « W « * o x *> * • X UJ • IM   • *» • « U > « »-      f» L> ►- « « * z  • 0. « « r or » UJ UJ    M w UJ « » o o « <M U u. U » ►- PH «4 

4» •M « u z   • z « UJ *S o rsj • p- u « l-l -t   C IL o « ■c m A • « •x v> « U- »- «4 O u • u a O N » ex M * • u. wl « • » e L p* « UJ 3 ►- » UJH    • I- « DC W « .j UJ U « OVII z l> • 0* • IU w UJ « UIUUIU e • 1/) » u -J * DE 1* M ** • « u DC UJ « I* u e « • •t •• • 1 • 13 0. M ■ » • PC UJ « Z u. • * IU o 1/) • It M u. c « « .J 1- o « J U UJ 0 • UJ o ♦ « L> « a. « ^ m o w* » o e «H • DC er « O DC u ** « xc • t » X UJ 3 « 0£ t- u • «I ♦"' o O » UJ a a. « 3 • K «•- 
O > a « "9 • *rt w • « fl e • M » « O M • o « « e « « « e • * • « o • in » « « «0 3«S # « « e «• O 1 • * « • *■ JE 1« « OJ-» e l*i « * H V> D>* • UJX o »> » « * » C X • uj a • • « « 1» 1*1 >* 1 * a ■ o e « « X X • ♦" o • u» w 
4» » *4  N •- CD ■ <H « « « e UJ <e • • • DE » • X    t UJ 3 X • « UJ * i- a © i- a « « J«l « X * as H 1» • » • OM « O       CO H O in « • o «r « D 2 ♦ M   * UJ • »J- 0 • UJ o CO « DC UJ « UJ +•   N * e i • • l"N • t « •J « p- 3 1- U •* ■ • 1- •> o e» • • • • 3 M     1 o «V t»« X o V * UJ UJ • a. UU& OE • m ■H » •• ^••^ o o> « • * z JO X D. •x -8 • • <n UJ W IN •* • 3 01 « M U J V» UJ L » *• z l/l m « « HUJI- DC »u « -j * • X > UJ U- « u • 3 « • H UJ       z o e »• trt • 1" • < > X J • X • UJ * CO • a 3 UJ DC •t *4 • DC « • VI X z UJ 1» u • UJ A o o • * UIHH CO Z •H • X u •* nj • • OXIS X D •> • M • t • • • DC «t Z 3 DC H- • U-  tl e a • « utu Z IL Ul • \* • • • « • • * • • 

M     IH     e 

Cfi IM 
«M     m 
»>     e 

B-28 



« 

• *»,)#•••#••••••••  

4t      oc    fn  m  m  m  fn  m  fn  m  en  m  en  fn  fn  en  fn  in  f^  m 
• a. a 
• I* £ 

* 
» • 
• «■> 

• c 

ft uiaaB»4^'eir<r*»<oO'Oin<er4ioo>'#<«<» • !*••••••• •• 
ft (J mO9'<H*0'<*iaBf*F**sJ*'4NftJ*4«»49 
ft o*'<o*jfg*rrgiri'nm<o~i«<cvtiA<6f>0(M 
ft BC +•      r-»^iO(M^«<#f^oo«^*0in«mfsjN«4 
ft ft.   I fhh-tt<ClftVtVNIAVt<#<#*<#*<#«<»<# 
« v Ä ft ** 
ft w ft ft ft ft ft 
ft K   ■ ...t.« ...... 
ft OL*«Oaeo*4m<rm^«DO»OMnjmfn<*iA 

• a ft </> » « 
« ft 
ft uj *«*ao9><e«*f>Jf-f>-<M'OOOotfM*«'4iH 

ft X »N ..••...•«......... 
ft ««*».««fnf>»(n«4«4*4in0><#o»^'0»»^»H 
ft K %•        9fMM«ra«00*flBfMF»AJ<e»*««.<o*J 
ft w»w *4*4«tff>jAjmmm«>#tftinto<or»r-«B 
ft H 
• e 

* * 
ft U£ IMOIA0>f**<#IA*f*>fMOF-IA'^aBIA«4 
• ma      i      ..      ........      •••••<• 
ft ••     |       O.  m        G»MIMiniA«OI>flDO*©.*rg*Min*«*l/*'© 

ft t>     I 
ft   •      I 

• c    I 
ft X     | 
• vi . «D*<om»»«min<or>M«<»«ieieN.<o»> 
ft c    1     UJ v)<**4mt~Vi<**»*4      +      +     *40><oa*mtr*tfi 
• o    i      .«  

ft w    i jff*rgi»\<^*ii>m^'Of-»sio^oi*if-mm 
ft (      .--.       a>f.«>«irio<0<M<»<0<»f»e>a><o«m.. 

ft i- I      »" 
ft -I I 
ft 3 I 
ft t» | 
ft IU l 
ft 0£     I 
ft ui/* oooeoooeooooeeeeeo 
ft xueoooooeeooooeoeeoo ft «•..               ........... 
• ^«i/\«i>flo«*©p*f*i»«>*,inio*-«#'©-«'^ 
ft w M      .*.4«.4«<.*«MMAINN ft ft ft • 

B-29 



in * CO ni « fM OB m m m ** *4 ni m in ■0 — m 
m O P» in fNJ O f* in m M ff» p* m m ^ c* 00 * 
p- f- <e <c * « m w w m < ♦ * «♦ m r» *> 
W m m in m in m tn in m in in in in m m in m 

* u o m •c Oh » o +* « 9> m f- 
■» oc *■ o <r> ff» 0 # 0.   1 -# m PH pn « i/» .a 
♦ •* « * * * # 

0*   »«    •* 

*c **     ^■ 
O   *4   ** 

*   IM   -4 

^1   *M   IM 

O IM 0* »* 9> 

*H IM »n «0 m 
in »* f- m o« 
« m <n <o <o 

» ^ • • 
• a 
• c • <* 
» •< 
• c 
• e 
• u 
• w * 
• i/j 

« -i 

p4   «0   0« 

<C   «   IM   •*   « 
K   w*   0   9> 
<C   •»   ■«   * 
IM   *•   «H   O 

« « 
« 

B-30 



« « 
^      «■»*      * 

V» f 
•N <N IM 

• tu a 
« ..   1 a ■ 
« <■»     1 to s* 
• X     1 
» •     1 
•   3     1 
«  C #«< 
• ♦> 
• c IU 
• o ■ /* 

• •    • 
♦ u>      « * -»    » • 

* 
# 

r- <o • 
r-     ■€     * • •     « 
I* »4 * 

►- -c     <e 

* -1   1 • 
» 3      1 
* V*      1 
«  IU       { 
»ae    I 

e o © 
Z u e e o •# * 

* *o * 
« « • # 

B-31 



» h- « * « O « o « • Z « > 3 » tu Be « ex « « » » » l/l « u « IH » *• 

•   M 

DC 

1/1 «T 

# u a « «f DC # « a. * «X * X IU « u > « M • 2 or « o a « M # *• u « «K l/> KM « DC M « 

e o •  • 
«4  © 

e O 
H  — P*. 

t 

O  « e < 
fir  C M 
o o 

♦» Z 
LL.  V Ft O 
O -C »O »i 

« « 

* 
« 
« 

* « 
« * » 

« 
« 

»* —* w* W4 v* «0 

1-4  « c u. 
LL 1- ^ a 
u. m 
UJ  t-4 • w 
O V X z 
U UJ U Ui 

or fr- 
»4 u 

o o. I"* 

X u. 
w ■c LL 
■J u UJ 
■J « o 
o ee u 

3 

eu<o 
• c   • m 

K a o t- 
x c co      • 
O        » H- 
M    • IU     • 
IU^-   H   K   C 
3h        U «* 

«»    • O 
UU&B    • _i o r a. « 
U U IALU 
HU(- QC 
X >  IU IL   « 
Ui      z o 
> X _l 

swat € 
i« X z UJ i- 
it »•* M a» z 
D K o z a 
BE4Z3BC 
19 X IU Z U. 

U        » • «   » » 
k        * 

u • 
3 • 

•O • 
e « 

■* • 

•lift « 
393  • 
e i • 
£ >■ « 
0>« « ■ 
c z * 
»< I « 

a x • 
a « 

t • * 
e •< « 
»■ o » 
i » • • 

IU ^ O A* 
X  « • • 
u a o rg 
a L x 

M     »o     ^ 

a «■> 
IU £ 
tu a a * 
Iff w 

m m      »*      c* 

■o a • m 
L * t- 

s»u • _i 
u     • 3 
c >.» v> 
• .O • IU 
•H     • at 

N«oo*e>tDi'»*>mAi<eaQ 
jsoo>9«c>o>o^c«4in*4 

B-32 



* * 
« 

*J     *     - **    •<    « •C »4 f» m 
O       O       0t        * 

m     m     m 

ft. t       ik.      fk. 
* t* m * 
o IM w ao 
«      IM      *•      o 

X  ■ 
u o 
D L 

m      o 

i- i.    z    r.    •"    *    o * «    •    -i 
* m      *.      ru 
<M     <n     m     « 

»•o • • 
• 3 
• C 
• -H 
• V 
• c 
• e 
• u 
• w • 
• t- 
»_l 
» D 
« </i 
• tu 
« K 

O ^ m      * 

»i a ■       . 
a ■ «DO 
**> w «*        n| **      IM      <N O - IM 

•» <o m tr> n 
^ o* »n o irt • • • • • 
^ m f* m m 

»      m     -H 
*•       *•        IA        ftl 

m     IM     *4 

B-33 



« « « * « « 

K  U 
u * 
o • 

m M <• • • • 
<o     «     n 

«>     m     « 
»4 9«        f» m     «4     v> 

« 

UJ  A 
K  • 
u »o     in 
o «*      m     ir 

■* <rt •> M 

u a 
M        fi        CD w4 m 

«o     »*     m 

* « ** &> Al * «4 * in * ^*- IA V4 «e AI p* m * Irt w CD 9* e e o «4 * ** MM •H «4 * O « » « « * 
* 0<-* O IA 00 « A» •4 
«■ ur e IA o IA o IA * UJ a • • • * • • 
• '•  I a. E <t * *- A» 00 •a 
# «   1 
# -o    1 
# •   1 

l/> w m m m m in m 

»   3     1 
♦   C     | * -*     | 
# ♦*     1 • •** o B IA * « *   C      1 UJ O IN Al «• e * 
*  o    | • *s • t • • 
#   U      | *- •» IA * <*4 in •e N 
* w    1 A C #» •0 IA IA <o 
£      ' *--» C* OD A> « IA « * *rt   1 UJ V *M ft* IN A| Al N 
* ^   1 z 
* -1   1 
# =>     1 
• V»     | 
* Ui     | *«   i • UJ A o e e e e e ♦ r u o o e a e e 

A* AJ • • 
fft        IA 

i     m 
Al P4 
M A* 

*4 ««4 Af Ai 

0* m        F»        «4 IA 

«        fr* «B 

B-34 



« 
« 

« 
« 

«      <e     t>      « 

» 
O V\        m* «6 

* 
* 

X  u 

t- »I 

e     • »•     * 
e     • c 

B-35 



ft « ft • * o « « e » ft IA** » « B •• • « 0* i/\ * • m V • « 1 « « »IS * ft « 3 ft 
■ft X« • ft 1 ft « m IM « ft m«4 » 

* « « ft ft « ft * « 
ft « ft « * ft ft ft ft 

ft *- 
ft to 
ft     ■« 

« M w * ta> o « * •X to »1 « » oe n a * « tu .»»- « 
4* -J Uj (j # * UJ J UJ « * u -J # « u oe ai * « « •• •• * « oe ui • * IV O t/f » * _J »- o « « u ** a # • M or or * 

H   »4 ^ • 
19   N o « 
cr c H 
e o ** Z 
u. v m a 
O J3 .©  M 

•H • *■ fr- r- u 
Z    ■ M 
UJ Ui (1   Of 
M U u. 
u z • 
w < c u. 
U. fr- +4 a 
it. (/> 
UJ M • t- 
O f» X z 
U UJ U UJ 

M  k«  U. 
JUIU 
-i « a 

>     « 
M ft 
K ft 

1- ft ft 
►• ft 
a. ft 
\u ft 
U ft 
Z ft 

L        ft 
O        ft 
v m ft 

KUO*aoa90D««*J 
UJ  fl *4 N         N        N m « 
K  ft t •          •          • t ■ 
u "» f-     K     ^ ■# m 
a* o ■*■+■* r- m 
0£ *• v4 «4         ^        *M (M o> 
ft-  t * *m      »4      »« 0t #n 
v* n rst m      m      in fy IM 

u a 
«e     f*     ae 

•©«Mm 

■»       • 
•> m 
^ x   • 
•4M » «0 

ou<o 
m £    »tu 

►- a o ►- 
ti>      n 
It       s H 
M    • UJ     t 
Ul^ I If c 
3 1-       O ■* 

•H     • O 
tu u o. et • 
^ o z a, « 
u -j «w 
Hut- oe 
x > UJ u. m 
UJ     x o 

VtHHDZ 
o w o r o 
K423K 
I» X UJ Z li- 

ft l ft 
o • ft 
XT) ft 

■M ft 
L • ft 
Oo ft 

tu a 
ft. ■ 

«     in     «     « 
u)     f*     <«     *. 

r»     m     tM     it\ 

• » 
■ c * *> • « 
■ Oft ^     « >.» 
XJ3 ft 
U        ft 
C C ft • • ft ••    ! •* > ft m   1 
U ■« ft »    1 

«4 a>* ml       1 
»■     ft 3     1 
»■     • V>     1 
UI        ft UJ     1 ft Be    1 

ZU       *4      *M       m 
t-4   • • • I 
KM      ©'     ©      e 

r>      m      oo      P*      a 
i>-      tn      iA      rsi      o 
N        N        H        >1        H 

e     o     o 
o»     e     o 

e       *-•        fM 

B-36 



tu £      m      M      o      eotn<M9^)Aj      c      *M      «e 

a •      *      •*     ■+      *■*      ■*     **•     m     m     *ri     m     m 

a a 

<c     m     *H 

«     m     «4     eg 
ptf       «H       r»       e< 

* 3 
• c 

* c 
* o 
* u 

N.     <o     •* 

a     <o     ^ 
P4 IA 9« 

lii ^N O 
ZU o 
M   • • 

B-37 



« « # 

K u 
u n 
o • 

* K   • • t t t • ••••• 

* «* »■      ^<otninin«<»inmm<NiiMKi>«MM«<o 

* M 
« ts « 
« • 
* h- 9<iAN<M*o<om«ofsjasirt#f»iraiOfg^ 

* Ua(M9>in«4t»N»m»*jh.v4in0ifnp.Q,* 

in in 

» • 
• 3 
• C • <•* 
» V 
• c 
• o 
• u 
• w • 
• VI 
»►- 
• -I 
• 3 
« VI 
« UJ 
• K 

►"♦■O'0^t*m«»in^^»nff'ift^^^of*fn 
u)w^9>eo*««4ftifnm>#«iAto^ftoflo«D0< 
s 

e^tfiK**>me<#<o«evi«4ita*4«in«oiAmv4 
tu x motfio»a«fnf»*MViBfMrtcDp4«»».o 
IU a       •       f •■ ■•• 

vitsmfnm*i*nm««<#      -#«#*      *     *     *      *      *     * 

e      ^ 

•o     t-     m 

B-38 



• • » • « « • » « UJ a» fM N *■ • • u «M ■♦ 0> m » • 7! 'N t • • • • • « »- ^ c <o »M o * « VI w w o 9* i^ • « « O » * • « • • • • • « • • a ~\ K *J f» © • » UJ £ «M m ^ e • « tu a ■ • « • « • ••   1 a e ■# «# ■# in • 
• TJ      1 « • «     1 • * 3     1 • • e   i * 
»■* • • — • N rg Ml e • » C      1 UJ o> o c OD • • o t *N • • • i « « U     1 t-    « *• fw f- o * « V   1 A *e *J «9 in • • 1 •- F* *4 O o • • in UJ W «4 • » t- z • • -l • • 3 • • •n • • UJ • « DC • • UJ *«S o O o o • • X u e e o 0> » • u  • • • • « • « • » • • 

B-39 



B.2.C  Maximum Turn Conditions 

The following tables provide drivetrain dat -for a vehicle in a 
turn» These tables are divided into three sections consisting ot 
Title Heading, Data Input and Results. The Title Heading 
provides in addition to the title, traceability data of program 
authors, revi si on data and run date. 

"1" n e d a t a in p u t s e c t ion is g e n e r a 11 y s i m i 1 a r t o t h e p r e v i o u s 
sections except that an input titled "Maximum Acceleration" has 
been added. This input is the maximum lateral acceleration that 
the vehicle is to develop in a turn. For this study, a value ot 
0,5 has been used as representative ot aggressive but not 
reel-:: 1 ess dr i vi ng . 

The Results section provides the -following dat as 

1. Vehicle speed in 1.5 MPH increments to 45 MPH. 

2. Lateral acceleration in G's, limited either by available 
power or by the selected maximum. 

3. Turn radius in -feet measured to the center line ot the 
vehi cle, 

4. Data for inner and outer sprockets is presented in four 
columns each as follows: 

a. Apparent horsepower is the combined power at the 
sprocket  and  is  the  value  that  would  be  determined 
by use of a torque meter and RPli counter. 

b. Propulsion horsepower is the fraction of the apparent 
power that is used to propel the vehicle. 

c . Sproc ket RPft wi th a negat i ve si gn i nd i cates rever se 
rotati on. 

d. Sprocket torque with a negative sign indicates a 
ret a r ding rat her t han d r i v i n g t or que. 

5. Scrub horsepower is the power loss due to scrubbing the 
tracks  around  a  turn and power -flow  is  always  from  the 
vehicle to the tracks. 

Transfer horsepower is the regenerated power that enters the 
i n n e r  s p r o >:: k e t,  i s  t r a n s f e r r e d b y t h e d r i v e t r a in  t o  t n e 
u 

eke 
uter sprocket 
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B.2.D  Sear Speeds And Loads at Maximum Turn Conditions 

The  -following  tables provide the torque and speed data for  a 11 
gears during ma:-: i mum turn conditions.   These tables &re     divided 
into the s a me t h r e e d i vis i o n s a s t h e p r e v i o u s t a ble s ,   T h e T i 1.1 e 
Headinq and the inputs are the same a trie previous section, 

:ilitates analysis by placing speeds and torqi data -format • 
e a c h c a m p o n e n t i n a d j a c e n t p o s i t i o n s. 

The -first row o-f the results section lists the components by name 
or by i denti -f icati an letter shown on the gear con-figuration 
diagrams. The next segment de-fines the data arrangement:; 
typically RPM above a dotted line and torque in pound—feet 
i ffi m e d i a t s 1 y below. T h e d a t a out p u t i s i m m e d i a t e 1 y b e 1 o w , w i t h 
horizontal dotted lines for each 1.5 MPH increment, and 
corresponding and speeds and torques above and below the dotted 
1 i n e. 
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E  Maximum Power Gear Loads; And Speeds 

These  tables are   identical to those of Appendix  Seer.ion  tu 
except  that  they Are   -for the -full range of specified  speed 
tractive   e-f-fort.    Refer  to  Section  B„2„D  if  a   detai 
explanation of the data sheets is needed. 
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Reqenerat i on In Steering 

The effects of regeneration efticiency on steering performance 
were studied to quantify significance on this factor,, "she 
-Following curves illustrate the results of this study» The 19.5 
ton vehicle parameters were used» "I he propulsive? efficiency of 
the drive was based on the homopolar system, which is only 
slightly lower than the induction motor systems. Regeneration 
efficiency was varied as noted to determine the effects,, 

1. Figure B.3—Is 'These curves show that regeneration 
efficiencies  of 60% or better will provide the same  minimum 
turn radius. 

2. Figure B.3—2: These curves show that regenerat i on 
efficiencies of 607. or better will provide the 0.5 6. lateral 
acceleration that is desirable for evasive maneuvers. 

3. Figure B.3-3s These curves show that power requirements in 
turns decreases w11h i mproved regenerati on e f f i c i ency,  whi ch 
will reduce fuel consumption. 

4. Fiqure  B.3-4;  These curves show that improved regeneration 
efficiency  increases outer sprocket maximum loads, 
potent i a11y increasing the requi red si 2 e of motors and 
related gearing. 

5. Figure B.3-5: These curves show that regeneration horsepower- 
is constant with regeneration efficiencies of 607. or greater. 

6. Figure B.3-6: These curves show regeneration efficiency 
indirectly  changes scrub horsepower due to more scrubbing in 
t. h e s h a r p e r t u r n . 

7. Fiqure B.3—7s  These curves show the effect of sharper turns 
o n  r e g e n e r a t e d h o r s e p o w e r a t 9 0 7. r e g e n e r a t i o n e f f i c i e n c y a n d 
t ha t  t h e  resulting h i g her powers i mpo s e  g r e a t e r  1o a ds  on 
system camponsnts» 

The conclusion from the data provided by these curves was that 
regeneration efficiencies of 607. or better would provide 
sat i sf actor y per f or manc:e. Si nce all recommended c:ir i veS p'r ovi ded 
the desired level of regeneration efficiency, this characteristic 
did not become a factor for discriminating between the various 
drivss. 
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X Data 90"/. RE 

1 5.28 
2 5.31 
4 6.06 
6 7. 20 
8 8.84 
10 13.40 
15 30. 15 
20 53. 60 
25 83.75 
30 120.60 
35 164.15 
40 214.40 
45 271.35 

90"/.   REGEN.    EFF.   80*/.   REGEN.    EFF.   60V.  REGEN.   EFF, 

5.48 
5. 50 
6.38 
7.61 
9.46 
13.40 
30. 15 
53. 60 
83.75 
120.60 
164.15 
214.40 
271.35 

5.88 
6.06 
7.02 
8.58 
10.97 
14.88 
30. 15 
53.60 
83.75 
120.60 
164.15 
214.40 
276.64 

40V. REGEh 

6.29 
6.62 
7.86 
9.81 
12.98 
18.59 
41.54 
76.43 
117.64 
161.86 
209.92 
263.90 
332.37 

• 

MINIMUM   TURN  RADIUS   US.    REGEN.   EFF. 

LU 
UJ 

498 

308 " 

288 - 

188- 

28       38 
SPEED a-1PH> 

■ 93-: REGEN. EFF. ♦ 88--; REGEN. EFF. 
O 68V. REGEN. EFF. X 48:-. REGEN. EFF 
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X   Data REGIES 

1 0. 01 
^-l 0. 05 

4 0. 18 

6 0. 33 

8 0.43 

10 0. 50 

15 0.50 

20 0. 50 
0. 50 

30 0. 50 

35 0. 50 
AC) 0. 50 
A C" 0. 50 

=   907.   REGEN.    EFF.    =   307.   REGEN.    EFF.    =   607.   KEGtN.    Er 

0. 01 
0. 05 
0.17 
0.3 2 
0.45 
0. 50 
<;>. so 
0. 50 
0. 50 
0. 50 
0. 50 
0. 50 
0. 50 

0. 01 
0. 04 
0. 15 
0. 28 
0.39 
0.45 
0. 50 
0. 50 
0. 50 
0. 50 
0. 50 
0. 50 
0.49 

0. 01 
0. 04 
0. 14 
0. 

0. 36 
0. 36 
(_J ■ ■-•Ci 

'J ■ 36 
0. 37 
0. ■-'•7 

0. 41 
0. 41 

MAXIMUM   LriTERrtL   HCGELERriTION 

l.l'l 
y. Ay 

v> 
8. 5@ 

0 . 40 

UJ 0.  30 

t* "1 

0. 20 

3; 
Li. 
UJ 
(— 

e. is 
0 

20 3tf 
SPEED   a-1PH> 

>    REGEN.   EFF.   =   80": 
O    REGEN.    EFF.    =   60*      X    REGEN.    EFF.    =   42K 
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X Data   REGEN. EFF. =90/1 REGEN. 

468 
493 
499 
499 
499 
467 
397 
3B0 
381 
383 
402 
420 

416 446 

1 466 
i. 493 
4 499 
6 499 
6 499 
10 433 
15 351 
20 327 
25 326 
30 337 
35 
40 393 

REGEN. EFF = 60'/. RE5EN 

474 483 
494 494 
499 499 
499 499 
499 499 
499 499 
490 499 
486 499 
490 49 9 
492 499 
493 499 
496 5 0 0 
500 500 

EFF. =40'/. 

REQUIRED   ENG.    HP   AT   MAX.    STEER   CONDITION 

LU 

55£ 

crrnr« - LU "'►_"•-." 

(<; 
CiL 475 
m 458 
LÜ 425 .*£. 
<D 4i."u"i 
LÜ .... 

■p.J9 &■ ^•BMH.-JZ-^^2" -©- 
-S- 

3wyl_ 

i. ■•, 

'^ 

-»-- 

10 48 2ci 3y 
SPEED   <MPH> 

a     REGEN.    EFF. =30'-: ♦    REGEN.    EFF.=SS"i 
O    REGEN.    EFF.=60--; >•    REGEN.    EFF.=4Ö"; 
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X Data INNER S 

1 4.73 
2 9. 15 
4 4. 43 
6 -16.57 
8 -51.80 
10 -116.86 
15 -232.50 
20 -290.43 
25 -301.40 
30 -274.45 
35 -220.37 
40 -150.54 
45 -75.10 

INNER SPKT <§ 907. OUTER SPKT <s 90'/. INNER SPKT <§ 40"/. OUTER SFK 

63.27 
126.15 
234.40 
320 
387 
404 
452 
488 
497 
480 
444 
399 
354 

93 
11 
26 
45 
21 
20 
19 
44 
49 
42 

0.21 
-1.94 
-17.86 
-48.30 
-91.06 
-140.S1 
-229.44 
-254 
—°35.33 
-194.63 
-140.86 
-78.98 
-7.91 

57.42 
111.72 
204.68 
276.71 
327.51 
357.07 
403.59 
416 
405. 
363. 
354. 
321, 
282. 

57 
54 

— rr 

79 

REGENERATION EFF. US SPROCKET HP 

UJ 

a. 
ÜJ 
CO 
CL. o a: 

LU 

O 
a. 
CO 

2ÖÖ 

1 00 
0 

-100 
-200 
-300 
-400 

sT- 
^ :r.:...._. 

Er 

-&-~ -*- 

0 10 

■ INNER SPKT 3 
O INNER SPKT a 

2fi 30       40 
SPEED <r.MPH> 
9&'-; ♦ OUTER SPKT a 90": 
40:-: X OUTER SPKT a 40'-: 
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X Data 907. 

0 
4» 

0 
52 

4 104 
6 155 
e 204 
10 243 
15 334 
20 383 
25 394 
30 373 
35 329 
40 ny^i 

45 

907. REGEN EFF. 807. REBEN EFF. 607. REBEN EFF. 407. REGEN EFF. 

0 
52 
104 
155 
204 
248 
334 
383 
394 
373 
329 

O 
52 
103 
154 
202 
246 
334 
383 
394 
373 

272 
205 

52 
103 
152 
199 
240 
310 
331 
317 
286 
245 
197 
143 

REGENERATION, EFF. US HP 

Chi 
LU 

LU 
CO 
Cti 
O 

<E 

ÜJ 

UJ 
CD 
UJ 
a: 

2 PI y-n 
SPEED CMPH> 

■ 98* RESEN EFF.     ♦ 88* REGEN EFF. 
O 68* REGEN EFF.     X 49* REGEN EFF. 
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X Data 90V. REBEN. EFF. 80"/. 

1 31 30 
*■} 62 60 
4 109 103 
6 137 129 
8 147 137 
10 118 118 
15 70 70 
20 45 45 
25 30 30 
30 20 20 
35 13 13 
40 8 8 
45 5 5 

EFF. 80"/. REGEN. EFF. 60V. REGEN. EFF. 40V. REGEN. E 

28 
54 
93 
114 
117 
105 
70 
45 
30 
20 
13 
8 

26 
50 
83 
99 
97 
82 
47 
27 
17 
11 
7 

SCRUB HP US REGENERATION EFFICIENCY 

20Q 

UJ 

Ul 
CO 

o 

CO 

IX 
to 

1Ö0 - 

2vTi 3ti 
SPEED <MPH> 

•30V.   REGEN.    EFF. ♦    80M   REGEN.   EFF. 
60V.   REGEN.   EFF. X   4G*:   REGEN.    EFF. 
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X Data 0. 1 

0 0 
2 52 
4 101 
6 139 
8 164 
10 175 
15 152 
20 95 
25 44 
30 16 
35 5 
40 1 
45 0 

G TURN LIMIT 0.3 G TURN LIMIT 0.5 G TURN LIMIT 0.7 G TUR 

0 
52 
1 04 
154 
197 
234 
293 
304 
275 

162 
108 
66 

U 
CO 

104 
155 
204 
248 
334 
383 
394 
373 
329 

212 

U 
52 
104 
155 
204 
252 
353 
423 
460 
466 
445 
403 
349 

REGENERATED HP IN TURNS 

Ctl 

LU 

o 

o 
LU 
I— 
<r 
LU 

Lu 
CD 

18 2@ 
SPEED 

■     0. 1   G   TURN   LIMIT 
O    0.5   G   TURN   LIMIT 

30 40 
<: MPH > 
+    0.3 G   TURN   LIMIT 
X    0.7 G   TURN   LIMIT 
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B„4  Impact Of Srades On Motor Loads While Steering 

Data  for turns on grades was evaluated and -found to produce nig 
momentary  loads that a.re   within the thermal '<■;■-■;*••-- -^   •*-*•-■«= ■-,>- 
components.    Two  curve  sets  were 
a 11emate operat i ona 1 assurnpt i ons. 

limits at 
produced  to 

t. h e 
nve 

-1 ve 
tiqats 

The -first set (Figure B. 4-1 > B.rs titled "Grade vs., Maximum 
Sprocket HP '& RPli". These curves plot the speeds and loads tor 
the highest horsepowers and RPM that a.r& theoretically possible. 
The power inputs -from the ground (indicated as horsepower) become 
v e r y h i g h under certai n c o n d i t i o n s. T h e im p 1 i e d o p e r a t i o n t h a t. 
p r oduce d t h e s e r e s u 11 s c a v e r s o m e a r e a s t h a t a r e u n r e a iis t::. c 
combi nations of speed, grade and turn radius. It i s consi dered 
un 1 i keI y that a driver will make the sharpest passi b 1 e tu.rn , at 
m aK i m um speed o n the s t ee p es t d ow ng r ad e. 

"I"he sscond set of cur■ ves (F i gur e B. 4■•-2) t i 11 ed '' Sr ade 
Sprocket  HP  & RPli (LTD)" represent a more  limited 
envelope»   Downhill  speeds B.re   limited to the speeds 
vehicle  can  achieve on upgrades.   These curves are 
r epr esent ati ve  of  a  prudent  dr i ver  under  n or maI 
condi t. i ons. 

vs u iviax l mum 
operat i onal 

that the 
considered 
operating 

All points on the "LTD" curve srs easily within the momentary 
overload capacity of the drives, which is considered reasonable 
for turning requirements. Downgrades steeper than 40% impose 
excessive loads at maximum 45 MPH speed, but operation at this 
combination of grade and speed is considered unrealistic. It was 
therefore concluded that normal turns on grades could present no 
p e c u liar load problems f o r t h e r e c o m m e n d e d e 1 e c t nc d r i v e 
svstems. 
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X   Data INNER   HP      INNER   RPM   OUTER   HP      OU" 

-60 
— ••! II 

■IS 

0 

5 
15 
30 
60 

-1250.89 /.. O Q      /.. "7 

-731 699.67 
-493.71 699.67 
-361„42 C'l '7 ~i   »  O / 

-325.45 699.. 67 
-301„42 699»67 
-277,. 40 617.. 97 
-•244 „67 462„01 
 93 '••;> '~t '"'■     •"■•. o 

.•:-.i~■„.' < JLO 

1 1 1 .. 6 V 154„84 
16 „49 32.. 89 

 ■:::> ■-' —/    /... "■■•: o /  /   „ >„)•...' 

—333 „ 6hi 
:..> .1 „J „   ,•  U 

430., 15 
469,. 25 

525,, 18 
556,, 30 
4-.iu ..' „   / a 
■ '.:> 6 1 „ / 4 
148„84 

/   •! '1 „ 1 / 
■i  "7 

/ -..j -_ 

.1.  / 

1  / 
**■>" ":\'"', * 17 

|i „ 17 
i   *-.• •... : u 17 
/ err.* 
Ö v J w J » 6 6 
49::: *  u 21 
• ••, i:::- .•• 
..1> J *• • .. 34 
16::: ■ u 5 / 
46 „ / 1 

Ll_. 
LK: 

L.K. 
Li..! 

I I 

L.Ü 
CO 
ö; 
1™ 1 

1 068 

600 

280 

-200 

•■-•£. fif:! 

GRADE   US   MAXIMUM   SPROCKET"   HP   &   RPM 

•#—™ :?:::::"!^l!:!';^T:::r!:f;::,,!||:n::i=:i~::-!i,';,!*1,!IIjjji: 

ut 1 urn miui 1IU4 M 

■ ■ ^liu:::..,,;,^.,,,        ..„ :~::-:-,.  ... 
.nil-'-..-:::::";»;:■"•»„...„,,„  .--.. 

..aa- 
 "jZs '^tf&W 

i-T 

:::I0I: 

•1400 -L J... 
'0 Ü0 ■-I-1 

«ii     INNER   HP 
O    OUTER   HP 

-30 -10 j f-i 
GRADE, X 

'Hi" INNER   RPM 
X OUTER   RPM 

,R 
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Data    INNER HP  INNER RPM GUTER HP  OUTER RPiv 

-6Ü 

-30 
-15 

CT 
 :.J 

  *-J 

0 
''.'■' 

£"• 

15 
30 

54. 12 
 195„50 
— 323 . b'o 

•:■■ /i I--I      .—,-;.■ 
 •_■■*+O »  .~. / 

...,. v... .....        .. ..... 
 .„..,_ 5» 45 
-301.42 
-•277. 40 
-244.67 

111.69 
16.49 

 1 / . Uci 
.. ....    „.-,. 
Kl.i:..< ..   O-.-i 

■I I"II"      K::*_V 

o 1 / . '■;'' / 

O    J     >    u    CJ  i 

Ul .1.   /    «     /   / 

462.01 
.-,.-•••, ■■;.•     /••■, ,-•■, 

..L. .,;!...... . ..:_ (...) 

154.84 
32. 89 

13 
184., 11 

-,' o ,. c.i c:> 

234., 58 

430.15 356.10 
469., 25 
497.22 
525.18 
556.30 

361.74 
148.84 

/ c::i:-'      /   / 
OJJ . CM.:» 

UJ ei •!J „ o o 

493.21 
254 

■I   /  ••:"•     r:::~7 
.1. o -..:■. -J / 

GRADE   US   MAX   SPROCKET   H up RPt- J.. ':• 

ü„ 

LI::. 
LÜ 

C3 
D._ 
LiJ 
CO 
i"i_ 
•™> 

"i™ 

-•70 

W00 

-Av 

400 

200 

 %!- 

 !.._ 

1 rf*:!' 
•IjjijjGr #;, 

_._...-•""""_. .-.•■••'|ii'1'" 

"l 

'S!:,...,.  
"~-Q 

.:>H:,I-.....:;:.......  
" •":::'-!i|h;, 

IS" 
nMUHu.     . ""••'■Zi 

7;::;;;::::r::~5iiiiiiii!;  0 

2010 

40l"i 

 ""M"  
""---.                          „...nil'' ..I"'•- 

••ii»-               nil"" 

    .i. J. i I l™!!l—i.  ...1 

.Itll""' 

 L 1...  1.  ...i i   

-!~|0 -3t -1 0 
GRAD 

ii     IMMER   HP 
u    OUTER   HP 

0 30 
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B .5  Downhill Steeri ng Li mi t 

Limited available power while coasting d o w n h i 11 c a n 1 i m i t 
steering control. When operating on moderate downgrades, the 
engine can at times be operating near idle condition. Steering 
reactions can then be limited by power available. This condition 
is  encountered  with mechanically driven tracked vehicles and it 
i ■ necessary for the drive to give the engine added throttle t 

b tain n o rm a1 s teer i n g r e sp on s e.  S i n c e is instinct: co T.urn 
and apply brakes to avoid mn obstacle, special driver training is 
required to assure proper response» The results o-f the studies 
on this subject s.re shown on the -following curves and their data 
sheets. 

1» Figure B.5-1: These curves show a typical power distribution 
•for maximum turn going down a moderate grade, 

2. Figure B.5—2:  These curves replot the same data as  Figure 
B.5-1, but  a summation curve "Engine + Both  Sprockets"  is 
shown. At  points  near 20 HPH the net. power barely  covers 
svstem losses. 

Figure b.5-3:  These curves show that below 20 TIF'H de 
net engine power degr ades st eer ing ab i1i t y. 

4. Figure B.S-4 and B.5-5. These curves plot the same data with 
di-f-ferent scales -far better legibility. They show that 
steering ability is limited up to 25 HPH. 

Acceleration analysis was made -for the 60% grade starts and the 
results a.r~<s shown in Figures 5.2.6.4-1. These curves show 
positive starts that promptly reach grade limited speed. 
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X   Data ENGINE   INPUT   HP   INNER   SPROCKET   HP   OUTER   SPROCKET   HP 

i.Jv 
c 
w* 
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10 
i ü 

20 
n c 
i. J 

%}\.; 

■7 ^ 
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*»-, 
*t V 
i* A 
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40 
40 
40 

40 
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46.4 6 

92 
i 7" SO 
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381. 67 
420. 95 
tiii =: i 

OTti 
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302. 50 

-J.i7 

til  w J 
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i_si.A.!eh.   rLu>.-■-.' J -1 ►.'    •■■.    br:.nüü.j T-ihru '      i QVCTPr- STEM 

UJ 
f i~i 

59C 
4ß£;!— A?" 

-#:- 

1 60 f" 

— 1 Psy 

—290 
—390 
-4?iP 

-*■*" 

ir-^—fi S- -s- -B- -B- 

..tA. k._......... 

H 1Q 49 Vki 7U-1 
SPEED -;MPH> 

s     ENGINE   INPUT   HP 4-    INNER   SPROCKET   HP 
O    OUTER   SPROCKET   HP 

i 
-i 

s 
5 
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X Data ENC 

1 40 
0    c.'"' 40 «. . '-» V 

40 
7.50 40 
10 40 
> c 40 
20 40 
i. w.' 40 
30 40 
35 40 
40 40 
45 40 

ENGINE INPUT HP ENGINE +INNER SPKT ENGINE +BGTH BFKTS 

9.94 
46.46 
92 

1 Ü .' > i. 1 
lie; =:cr 

331.67 
420.95 
421.51 
394.47 
351.38 
7,-;i    er A 
o v i . ü u 

-5.29 
-42.6 5 
-83.3 0 
-116. 02 
-133. 97 
_ r> A i 1 A 

it 
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- ■ j 1 to . 79 
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S / "* 
& 38er -rtf  j 

.•''■1L-15-- i?_ J*.''. „....^^iarr 4 

[   y ^.-::±::""" I 
i-Bgs^^%-=.fe!Zl^ 5s =fe:r B Hs m a m f 

u 
fi ifi 29 38 4Q 

SPEED <MPH> 
s    ENGINE   INPUT   HP ♦    ENGINE   +!NNER   SPKI 
O    ENGINE   +BOTH   SPKTS 
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X  Data 40 NET HP 65 NET HP 140 NET HP 440 NET HP 

1 194.88 18.07 4.85 
62. 12 36.16 16.04 4.97 
64.65 39.02 17.97 5.68 
/ •J . 0 i 45.09 20.80 7.54 

1 0 66.38 it . t J 13.40 
15 9 0 • 7 D JJ./i 30. 15 30.15 
ji V 53.60 53.60 53.60 53.60 

83.75 B3.75 83.75 83.75 
T A 120.60 120.60 120.60 120.60 
w1 -J 164.15 164.15 164.15 164.15 
40 214.40 214.40 214.40 214.40 
45 271.35 271.35 *?7 < 7«? 271.35 

"J.i 

UL 

LIMITED   PHRT   THROTTLE   DOWNHILL   S 

a     48   NET   HP 
O    140   NET   HP 

SPEED   <MPH> 
♦    65   NET   HP 
X    448   NET   HP 

4Ü 
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X   üata NET   HP   20   NET   HP    10   NET   HP   1   NET   HP 

er 
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"Er 

■O 
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84.55 136.40 T C '•". 76 
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1   -i er      t—r 
1 x ^J . Q / 175.01 35v. 44 6962.97 
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j- Dt.it« r 

3f 
2506 
2006 
1 er i-i .-i 

4- 
i 

i 00e|--y 
r-.-.r.i   n 

PART   THROTTLE   DOWNHILL   STEERING   LIMITS 
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-B—    *s» 
2fi 3 M 
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X    1   NET   HP 

46 
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Data NET -4P i!<"> IET 10   NET   HF-   i   NET   HP 
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si-J 

40 
45 

91OS.08 
95. 08 173.44 
84.55 136.40 
84.59 132.11 
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4 J-i -i    .-1 A 
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9943.98 
7847.83 
6962.97 
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♦    20   NET   HP 
X    1   NET   HP 
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B„6   A-ü Induction Motor Drive System Electrical Status 

A detailed analysis o-f the oeprating states o-f all components was 
made to assure that all components were operating within normal 
rated limits.  The results are given in the -following tables; 

1. 19.5 Ton, Con-figuration I 

2. 19.5 Ton , Con-f i gur at. i on 11 

3. 40.Ö Ton, Configuration I 

4. 40.0 Ton, Con-f i gur at i on II 

T he vo11 ag e, cur r en t and f r eq uen c ies va1ues h ave b e e n g i ven vs» 
vehicle speed to illustrate the operational. characteristics. 
These tables con-firmed that there were no peculiar operating 
points to cause -failure; of the components. 
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INDUCTION MOTOR CONFIGURATION ) , GVW= l%5,   ELECTRICAL STATE DATA 

(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 

SPEED       ALTERNATOR 

MPH     EXCITER     OUTPUT 

BRIDGES (EACH)  MOTORS(EACH) 

INPUT INPUT 
urn      IITII iipn      tiT>i      »ir-ii • It'««     »Til •ir"      itTti 

12.0 

13.5 

15.0 

16.5 

18.0 

19.5 

21?_0_ 

22.5 

24.0 

25.5 

27.0 

28.5 

30.0 

31.5 

33.0 

34.5 

36.0 

37.5 

39.0 

40.5 

42.0 

43.5 

45.0 

1.5 S\5 
3.0 l L 

4.5 

6.0 - 

7.5 

9.0 

10.5 

4io 
524. 

528 

5% 

Z5Ü £</oi05! 

515 

b5ö 

1 

J 

263. 

J265 

B2 
110 

U\ 
111 

I/O 

>I5s 
/ora hi 
^4 
an 
73s 
68\ 
6V| 

2-Z4J660 

"2.61  5/5 

/7 

476 
4S8 

"2-"?/ 

"2^3 

3Ö3 ^HR 
314 |436 
S23 h-15 
3IZ 

S4I 

358 
367 
^>76, 

4?5l2#> 

SO 

67 

81 
Ibb 

1)1 

ISO 
IU 

384 
^2 
4ob 
4ö8 
417 
4Z4 

55GlsD0^i-Q26Si        ^Z SlotSOö 

2/6 
23? 
2S£ 

2.S3 

3/7 

"§50 
^67 

404- 

3<B 

573 
365 
357 j 3 83- 
^4cji400 

WZ 
33S 

4i7 

45<? 
3>2Z 466 
314 IW 
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INDUCTION MOTOR CONFIGURATION / , GVW= 40X ELECTRICAL STATE DATA 

(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 

SPEED      ALTERNATOR 

MPH     EXCITER     OUTPUT 

BRIDGES (EACH) MOTORS(EACH) 

INPUT INPUT 

IIT1" tITIt MT'»t IITM «ITtf 1IT7I»      HT» tlT?tl »IT» 

1.5 

3.0 

4.5 

6.0 

7.5 

9.0 

10.5 

12.0 

13.5 

15.0 

16.5 

18.0 

19.5 

21.0 

22.5 

412 7/48   ^^° 408 S7^h 

24.0 

25.5 

27.0 

28.5 

30.0 

31.5 

33.0 

34.5 

36.0 

37.5 

39.0 

40.5 

42.0 

43.5 

45.0 

"7/3   8oe> 
6</2   411 
7/4 4Ö4 

1JB  Bö$ 
£20 768 

7/4 404 
e/6 ^S4 

6 2.0  708 V gy£  ^s^ 
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J4*) ,1^1 B 
111 j/2.66 27 

2SS 707/ 40 
246" UG55 
3Z7 e?S4 67 
-hSl 78^1 86 
38S-736 °M 

4ö1 ^2 /06 
4*3 654- /26 
4-55 61*2. B3> 
476 5^5 146 
4% 57/  /££ 

5/£ 5*A 111 

554 S/0 10 6 

573 '41+ "2-1^ 
S^O  480 22 7 

($08 466 240 

£4? 44^ 26 7 
£574^1 t?C 
613 4212^ 
681 4U *>Ol 
"705 40^3,20 
7/^ 314*2 V? 

754 386 34-6 

747 vn ^4>c 
762 111 17* 
776 365^g<$ 
7^i^SS4ö£> 



INDUCTION MOTOR CONFIGURATION^" , GVK= )%5,   ELECTRICAL STATE DATA 

(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 

SPEED ALTFRNATOR TnjTTi^rS1   CT H   r<TTN               »r^rrt^T^V//*^ A   «IT' 

MPH EXCITER              OUTPUT INPUT                         INPUT 

"E"       ,,T»           "En       "T"       '< p«t             '»p«»     **T >» »lpt1          HTM          »»ptt 

1.5 ;G°1 / 25*250  / 66/253 /6Z /25V/7 
3.0 Zrrl            3-0    ■74z ^40) Oil 33 
4.5 " Z<=U.        500  iss ?_e>4^l4:5ö 
6.0 32^ 514 511  8IT67 
7.5 365 361    ' 358 738 85- 
9.0 3tf7 ^4 "310 681 -/OO 

10.5 w 424-     ' 420 651 //7 
12.0 465 451 443 60.Ö J^ 
13.5 48» 4?e 474 56k /so 
15.0 505 SOI 418S?>1 J6& 
16.5 SZ*I 526 5Z15/5 /££ 
18.0"  268 26S 2-61/030^-00 
19.5 I^O 2B7 2-83^.50 1/4 
21.0 Zl) 308 304 882 13^> 
22.5 ?>33 350 316> 621-1S0 
24.0 3SS 351 ~b48 772 164 
25.5 176 373 36<? 727 Z35 
27.0 Z18 395 3^1  686 300 
28.5 420 477 4/3» 650 3) ~l 
30.0 44Z 431 435 6/8 III 
31.5 ^41 4-60 456 588 350 
33.0 465 481 478 56/ 36 7 
34.5 Söl 504 £öbSll 3B4 
36.0 523 516 S2Z. £^5   400 
37.5 £S0 S47 S45 4-14 4)7 
39.0 S71 SG°I S45 47S 433 

40.5 5<?4 5^ 1 S87 457 4SÖ 

42.0 6/6 6/3 601 44\ 464 

43.5 6S?: £3>4 6 BO 426 483 
45.0 65^4)1 5( * CS&4I2    . 
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INDUCTION MOTOR CONFIGURATION.?! , GVW= 4C?T ELECTRICAL STATE DATA 

(DURING MAXIMUM TRACTIVE EFFORT CONDITION) 

SPEED ALTERNATOR BRIDGES MOTORS 

MPH EXCITER              OUTPUT INPUT INPUT 

• tpil          IITM               "p"          IITIf          lip»               up"     If Tit llpll           IITIf           liptl 

1.5 IDS j/47)7S0 zcTL )W   ' 2*IS\ar7l:*l 
3.0 4<rl         ^> 4^>8 4H )264;2.7 

4.5 5/7 5öt>   .SI4 S/O 167/40 
6.0 S1<? | S% S^Z^lH 53 
7.5 66/ \ 6S& £S4 8S6 ($7 
9.0 77-1 : 7/8 7/4 76*1  80 

10.5 777: 77T. 770 "728 ^3 
"1270' "  4/£ 415 40^64^6 
13.5 4/o 407 433 /50& /"2.0 
15.0 467_ 4S*) 4SS/244/33 
16.5 483 480 476 /WO /46 
18.0 sSö3 soo 4^6/ni /60 
19.5 5ZT> £2.0 Sl&lb% 111 
21.0 S1--L 5^1 315 ibs% /84 
22.5 •S6!>  360 5S4/020ZOÖ 

24.0 600 377 S73^ß5  2/3 
25.5 S17 S«H- s^o ^6o xz7 
27.0 6/5 6/Z 668 ")VL 7-40 
28.5 6VL 62^ 6Z5 <7ö6 255 
30.0 £4r 6<V6 6V2. B8Z 267 
31.5 664 661 657 86Z. Z7 0 
33.0 Gno 661 673 847 7.^3 
34.5 64 4> 6<n 68^ an 30 6 
36.0 110 70-) 7Ö3>£06 370 
37.5 7:2.6 ?21> ~7/^ 788 33>3 
39.0 740          \ 737 7^ 77Z 3^4 

40.5 7S4          ' 75/ 74-7 7Sg 3 60 
42.0 76? 766 767 744^73 
43.5 ne\ 760 •7?6 ~7^0 3£& 
45.0 7^8   hS&Si >ö   7?S B.S8 7^ I ^»58 400 

B-133 



B.7  Homopolar Motor Drive System Electrical -States 

A detailed analysis of the operating states of all components was 
made to assure that they were operating within normal rated 
limits,  The results ares   given in the following tables;: 

1 .  1 9. 5 Ton , Con-f i gurat i on I 

2.  4 0. 0 1" c n , C o n f i q u r a t i o n I 

The voltage and current values have been given tabulated vs„ 
vehicle speed to illustrate the operational characteristics, 
These tables confirmed that there were no peculiar operating 
points to cause failure of the components. 
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Appendix D  Configuration IV Analysis 

The  information  in this appendix supplements the discussion 
Section 5.2.6 in the main body of the report. 
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Appendix E  Electric Vehicle Performance Simulation 

E. i  Ma j or F'r ogr am Cap ab i 1 i t i es 

Electrically driven, tracked vehicle-performance is simuiatea by 
this software package» Parameters which may be investiqatsd 
include detailed electrical system performance, vehicle track 
d y n a m ics, s y s t e m 1 o s s e s a n d e f f i c i e n c y , i n cr&i m e n t a i a n d a v er a g e 
gross vehicle dynamics, and fuel economy. There s.ns four 
subprograms which have been created to specifically consider each 
of these areas in detail. A brief description of each is given 
beiow. 

E . 1 „ 1  Con st. i t uen t Sub p r og r ams 

o Electric Drive Perf ormanee - Steady- 
a n a. 1 y s is   w i t h  d e t a i 1 e d  e m p h a sis  o n 
parameters,   Electric mot.or vo 11aqes , 

state vehicle powertrain 
electric   power   drive 

g e n e r a t e d p o w e r current 
and alter n ator/gener ator output ar e ca1cu1 ated, a1 ang w i th energ y 
u s a q e , heat r e j e c t i o n , a n d f u e 1 u s e i m p a c t. 

o Vehicle  Acceleration  Performance  - Analysis  of 
vehicle  p e r f o rmanc e  which  r e a1i st i c a11y  s i mu1 a tes 
vehicle  mission  over  the  terrain  conditions.   Act 
deceleration, 
considered. 

dynami c 
the  gross 
el erat ion, 

braking,  and  constant  velocity  conditions a.re 

o Acceleration Dynamics Routine ••■- Detailed analysis  of  full 
power  acceleration  during turning and nonturning  maneuvers  on 
user defined grades and surfaces.  Incremental dynamic parameters 
a r e g e n e r a t e d a n ci t a b u 1 a t e d , 

o   R e ci u c t i o n D y n a m ics        Rou t i n e -   D e t a i 1 e d 
s p e e d /1 o r q u e   1 o a ci i n g      o f      all      v e h i c 1 e     p a w e r      t r 
e 1 ements. Fi nal      sprocke 1:      cir i ves      arid      pr i me 
reductions   are   included   in   the   analysis. 

a i "i a i VSl S           i.ft 

a i n reducti on 
nover i n t e r T a c 

Uf four subprograms provided, the first two are perhaps the most 
useful for the consi deration of the vehicle electric drive and 
the impact that it has on the -overall vehicle mission. The 
latter two routines are best utilized for detailed investigation 
of those processes which help to make up the overall mission, but 
s.r<3 not the parameters of major interest: from s 
viewpoint. For this reason all further discussion wi1 
the performance sunoroqrams. 

mission 
focus on 

fc.. 1. k!  P e r f o r m a n c e M o d e 1 D e s c r i p t i o n 

bach  of the performance subprograms outlined above rely  on  an 
iterative energy  balance technique to yield  each  steady-state 
operating point  of the vehicle.   The basic algorithm for  this 
strategy  is shown in Figure E.1.2 1.  Test track  parameters and 
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performance requirements ar&   de-fined and input by th 
with vehicle, engine, and electrii 

v. er mi lie  it  <H ny 
a s   p e r" sonne .1. 

<:: oefticie n t.  a r 
reduced and the 

hin the selected 

user , a.i. ong 
drive data which B.rB resident 

within the programs data -files. The vehicle dynamics are then 
calculated utilizing a Merritt's track model which considers the 
track dynamics based on emp i r i c a 1 d at a. A c en t r i f ug a 1 
acceleration calculation is then per-formed to de 
set ac ce1er ation 1i mi t i s ex ceeded, suc h 
restrictions or vehicle track slip (surface 
friction). 1+ exceeded, the vehicle velocity is 
process iterates until the acceleration -falls wit 
bounds. The sprocket loads which have been calculated ars 
to determine what the electrical requirements 3.r<s for each of 
sprocket motors. This data is reflected back through the 
electrical system, ultimately to the prime mover, where the gross 
vehicle horsepower demand is calculated. At this point the 
energy balance is tasted. If the -fixed maximum output power of 
the prime mover is adequate for the present, demand, the resultant 
system heat rejection and fuel consumption s.re calculated. If 
the system demands exceed the capabilities o-f the engine, the 
vehicle load is reduced by lowering the velocity until an energy- 
balance is achieved. When this has been accomplished, either the 
c a1c u1 a t ed dat a is out p ut to the user, as in the Elect r i c Dr i ve 
Performance subprogram, or it is further utilized in an 
acceleration or deceleration routine as in the Vehicle 
Ac c e 1 er at. i on Per f or man c e sub p r og r am. 

E. Program Options Available 

The following six basic categories represent the various options 
which a.r<3 available to the user from the program data files. 
Certain of the parameters must, be defined by the user, such as 
t h e p e r f a r m a n c e 1 i m i t a t i o n s w h i c h a r e a d d r e s s e d b e 1 o w. 

E. 2. i "est Courses 

There are f o u r resi d e n t t e s t c o u r s e s p r o v i d e d w i t h i n t. h e s o f t w ar e 
p a c k a g e. E a c h i s b r o k e n d o w n i n t a s e g m e n t s o f d e f i n e d 1 e n g t h , 
grade, and t ur n radius. 

a   MERADCOM  Test  Course -- This course  consists  of  a well 
d e f :L n e d  t r a c k  w h i c h is 1 o c a t e d i n t h e A b e r d e e n P r o v i n q G r o u n d , 
Maryland. Sixteen segments make up the track, which has a total 
circumference of 2,5 miles. 

o Speed on Slope - A track consisting of thirteen segments  of 
arbitrary   length (1000  ft)  was  fabricated  to  aid  in  the 
derivation  of the contractually requi red speed on  s1ope  curve. 
Grades  from  +60 percent  to  --60  percent  are  provided  with 
intermediate grade points selected every 5 percent,, 

o Tractive Effort vs.  Speed - This test track is set up  with 
grade  values  which yield a relatively uniform  distribution  o-f 
tractive effort values U'E) when plotted aqainst speed. 

E-4 



a   Ch ur c h v ilia  Test  Course T his test caurse 
rigorous and complex provided in the software package. Highly 
detailed topographical maps of the Churchville B.re.3i (part of 
Aberdeen Proving Grounds) were used extensively in the definition 
of this track, which is comprised o-f 88 segments. Steep grades,, 
sharp curves, and short. segments serve to make this a very 
demanding  and  useful  evaluator of  vehicle  performance,   'ine 
c. o u r s e ,  w h i c h i s mi I es i n 1enqth hown 
form in figure E.2.1-1, and in elevation in Figure E = 

t o p o g rap niu 

E.2.2  Course Surface 

To provide greater -f 1 e ;•; i b i 1 i t y in the n u m b er of o p t i o n s a v a i j. a b 1 e 
to the user, the surface coefficient of friction (Ji's is selected 
apart from the physical di mensions of each course. "f'hose 
available are given below; 

o Concrete/Aspha 11, JL{    =   0. 80 (M E R A D C0H) 

o Compacted Soil, J4,    ~   0.70 (Churchville) 

o Loose Sand, JU.   - 0.55 

o Rocky Terrain, JU   = 0.45 

o User Defined 

E.2.2  Vehi cle/Engi ne 

Both the 19.5 and 40.0 ton TAC0M specified tracked vehicles are 
resident within the software package, as well as the specified 
engines (Cummins VTA--903 for the 19.5 ton, and the AD-i000 for 
the 40.0 ton). The option is also given to the user to define 
the parameters of their own tracked vehicle» 

E.2.4  Eng i n e Sc h ed u1i n g 

Both constant and variable diesel engine scheduling is available 
to the user to aid the determination of which is more fuel 
efficient. Each technique utilizes fuel consumption curves for 
the vTA-903, and the AD-1000. With constant scheduling, fuel 
consumption is based on a relationship which is only dependent on 
demanded HP, wriereas with variable scheduling, the demanded HP 
defines the engi ne speed which then yi e 1 ds the appropr i ate -f ue 1 
cansumotion. 

£.2. Electric Drive yp< 

The are   eight, electric drive types which are resident within the 
s o f t w a re  p a c k a g e.   T h e  e n t i r e e 1 e c t r i c  p r o p u 1 s i o n  s y s t e m  i s 
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d ef i neel -f or each « 

o  Homopolar, Senerat o r D r i v e n (pa r a 11 e 1 / s e r i e s s y s t. e m s) 

o  Homopolar, Alternator Driven (parallel/series systems) 

o  Brushlßss DC,  Alternator Driven (low speed-high torque/hiqn 
s p e e d -1 o w t o r q u e) 

o  High Frequ.enc y I ndu.c: t i on , A11 er n at or Dr i ven 

o  Co minu t a t e d D C , A11 e r n a t o r Dr i v en 

E .2.6  Per-formance Li mi t.at i on 

Several  inputs  not  available -for the internal data  -files are 
raquired af the user.  These i nc1ude: 

o Maximum (-final) Forward Velocity 

o M a x i mum Forward Ac ce1erat i o n 

o Max i mum Decelerat i on 

o Max :L inum Later a 1 Accel er at i on 

E.3  Vehicle Mission Simulation and Analysis 

E.3.1  Electric Drive Performance 

The emphasis of this subprogram is the steady state analysis ot 
electric a11y d r iven vehi c1es on a segmen t b y seg men t b as i s as t he 
vehicle maneuvers over a given course. It is best suited for 
analysis o f s t e a d y s t a t e e 1 e c t r i c d r i v e m i s s i o n p e r -f o r m a n c. e , 
particularly i-f the course of the mission is relatively uniform, 
and the segments of each course segment are lengthy in comparison 
to the time it takes the vehicle to traverse them. Detailed 
sprocket data (see Figure E.4-2) for each track is available to 
the user, as well as the equivalent sprocket motor dynamics. 
Motor and system electrical data is also generated, including 
vo11 aq es, cur r en t s, and power, i nc i uding t he net power whieh must 
be supplied (or ab-sorb ed.* to both sprocket motors from the bus. 
1 h ese p ar amet er s a i d i n t he e va 1 ua t i on of t h e sy st em op er a t i on 
during turns and regenerative conditions, and allow the 
maqnitudes and directi ons o-f syshem ener qy -flow to be easi i y 
mon i t or ed , Net dr i ve ef f i c i ency a 1 ong w :i. th gener ated and 1 ost 
en er g y a.re also pr ov i d ed t o det er rni n e i -f over a 11 syst em 
p e r t o r m a n c e i s w i t hi in a c c e p t able 1 i m i t s., "i" h e s e e n e rq i e s a r e 
reflected in terms ot required prime mover power and the 
resultant fuel consumption. For further mission analysis, fuel 
e c: o n o my is c a 1 c u 1 a t e d , and a r a n g e e s t. i m a t e b a s e d o n a spec i -f i e d 
vehicle -fue 1 tank volume is made„ 

• 
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c.« •-:■. *: Vehicle Acceleration Performance 

For any vehicle mission, this subprogram provides the user with 
the most realistic assessment of vehicle performance over any 
course conditions» All vehicle transitory states (i.e., 
ac c e 1 er a t i o n, d e c e1e ra t i o n, bra kin g) b e t we e n c ons ta nt ve1ocit y 
conditions are considered in order to yield smooth vehicle motion 
throuqhaut the caurse. The subpragram i s spaci f i ed f or overa.11 
mission analysis rather than an electric drive component 
evaluation. This is evident in the printed output page (see 
Figure E. 4-3) wh i ch pr ov i des detail ed ac ce 1 er at i on /dec e 1 er at :L on 
i n f o r m a t i o n , b u t n o inter n a 1 e 1 e c t r i c d r i v e d a t a. T h e c o m p 1 e t e 
electric drive models mre utilized for this analysis but the 
transitory nature of the vehicle drive during the test periods 
makes it difficult to extract any meaningful output. of the 
electr i cal parameters. 

As with the? Electric Drive Performance subprogram, power supplied 
by the prime mover is determined along with the system energy 
w I "i i c h i s g e n e r a t e d and los t. Fuel c o n s u m p t i o n d a t a is p r e s e n t e d 
as well as the full fuel tank range estimate. Cumulative mission 
i n f o r m a t i o n is available for each s e g m e nt of t h e c our se, an d c an 
provide a useful means of evaluating incremental mission 
performance. 

E.4  Program Outputs 

Examples of the information which each 
to   the   user   B.r<s   given   in   Figures   £.4—2 
the  main program header sheet that is 
specify which subprogram is in use and which echoes 
that has been input by the user. 

of the subprograms outputs 
to E.4-5.  Figure E.4-1 is 
included with each run  to 

11 the  data 
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APENDIX F 

CONTRACT VEHICLE AND PROPULSION 

SYSTEM SPECIFICATIONS 
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ATTACHMENT I 

SPECIFICATIONS 

1. General Vehide Spedf>e»ti arts (Fit;. 2): 

Frenul Are« 6.34 sq m (64.25 ft2) 

Crow Vehide Weight 36.3 t *i (40 t en) 

Vehide T cp Speed (G overned) 73 Km/hr {45 mph) 

Track Length (forward to aft 4650 mm (113.07 in.) 
roadwhed centertine) 

Distance between track 279C mm (109.84 in) 
longitudinal centertine) 

Track Width 5SC mm (22.13 in.) 

2. Pt opui si en System Specif icati ans: 

a. Transmission:   (Electric Drive System) 

The drive system shall provide automatic speed ration contrd and inhibitors to 
prevent engine overspeed. Maximum output torque required shall be sufficient to 
generate a tractive eff crt d 427,000 Newt ens, Reverse - 427,000 Newtons. There shall 
be tactile feedback to the *iver when the transmission is in forward or reverse 
cperaticnal mode. The power train shall provide fa safe, predictive performance fa- 
extended periods at speeds below 5 Km/hr. 

b. Steer System; 

A regenerative speed contrd system is required. Differential tcrque between 
sides shaE be equal to maximum steer torque. Pivot steer capability on hard surface 
shall be 7 revdutl ens/min» The steering contrds shall remain operative in the event of 
engine failure or vehide towing. The steer system shall be capable d accepting full 
engine power. 

C.  Cod inn Capability: 

Capable of continuous tractive effort operation of at least 250,000 N. 

d.  Braking: 

The vehide shall be capable d a decderation rate from maximum speed on 
lerd hard surface road at least 7 m/sec2 (peak) and 5 m/sec2 (avg.). The vehide shall 
be capable of an ind uded hdd with engine off en d least a 60% ä ope. The vehide shall 
be capable d at least 25 stops from 60 Km/hr @ 5 m/see2 @ 3 minute intervals. The 
braking functions shall be accomptished by two separate mechanisms to ailow 
redundance for emergency purp< 
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ATTACHMENT I (Cont'd) 

t.  Electrlc/Hydravilc Power Capability; 

Continuous operation d all vehlde electrical and hydratiic systems shai: be mt 
least 7 Kw, to indude «Bent watch - the silent watch is non-mabile, with noise, light, 
•nd smeke discipline. The above power requirement covers turret hydraulic, r*cioand 
other dectrical need», compartment ventilation »nd NBC counter me »sure equipment- 
Electrical and hydraiiic power seurces must be capable es* operating independency or in 
parallel in a stable »elf regdating manner. Average auxiliary power usage is 3.5 Kw. 

1.   Speed on Grade; 

The prapdsicn system shall be capable of sustaining forward vehicles speeds 
on hard surface roads and grades as defined in F'trure !. 

g. Accel eratl ere 

The vehide shall be capable of acceierati on on dry level surface from ide, 
from application d the thrcrte, in the forward direction from zero to 32.2 Km/jr (20 
mph) in seven second»} and in reverse cfirection from zero to 16 Km/hr (10 mphj, in five 
seconds. Assume no"throrte"linkage delay. 

h.  Engine:   See figures * and 5. 

i.   Shock; 

The electric drive system must be able'to withstand a 15 g shock I cad in any 
direction. 
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ATTACHMENT 2 

SPECIFICATIONS 

1. General Vehide Specificati era (Fig. 3): 

Frcntal Are» 3.3 sq m (57 ft*) 

Crew Vehide Weight 17.6 ten (19.5 ten) 

Vehide T cp Speed (C cverned) 73 Km/hr (45 mph) 

T rack Length (f crward t o af t 3 810 mm (150.0 in) 
roadvheel centerline) 

Distance between trade 2350 mm (92.52 in) 
longitudinal centedine) 

Track Width «45 mm (17.52 in) 

2. Propulsion System Specificati ens 

a. Transmission:   (Electric Drive System) 

The drive system shall provide autcmatic speed raticn cantrd and inhibiters to 
prevent engine overspeed. Maximum output torque required shall be sufficient to 
generate a tractive eff crt rf 208,000 Newtons, Reverse - 208,000 Newtons. There shall 
be tactile feedback to the driver when the transmission is in forward or reverse 
operational mode. The power train «hall preside for safe, predictable performance fa 
extended periods at speeds below 3 Km/hr. 

b. Steer System:, 

A regenerative speed control system is required. Differential torque between 
sides shall be equal to maximum steer torque. Pivot steer capabSity an hard surface 
shall be 7 revdutJcns/min. The steering contrds shall remain operative in the event ef 
engine failure or vehide towing. The steer system shall be capable of accepting full 
engine power. 

c  Coding Capability: 

Capable of continuous tractive effort operation cf at least 121,500 N. 

d.  Braking: 

The vehide shall be capable of a deceleration rate from maximum tpeei on 
level hard surface road at least 7 m/sec2 (peak) and 5 m/sec2 (avg.). The vehide shall 
be capable of an inducted hdd with engine of f en at least a 60% si epe. The vehide shall 
be capable of at least 25 stops fr em 60 Km/hr @ 5 m/sec2 @ 3 minute Intervals. The 
braking functions shall be accomplished by two separate mechanisms to allow 
redundance for emergency purp< 
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ATTACHMENT 2 (CwfcÜ 

•. Electric/Hydraulic Power Capability: 

Continuous operation d all vehicle electric»! And hydraulic systems stall e at 
least 7 Kv, to indude tllent watch - the sEent watch is non-mooile, with neue, . ;ght, 
and smdee discipline. The above power requirement covers turret hydraulic, radQ >and 
other electrical need», compartment ventilation and NBC countermeasure equipment. 
Electrical and hydraulic power sources must be capable of operating independently or in 
parallel in a stable «elf reflating manner. Average auxiliary power usage is 2.5 Kw. 

f. Speed on Grade; 

The propulsion system shall be capable of sustaining forward vehicles speeds 
on hard surface roads and grades as defined in Figure 1. 

g. AcceSeraticrc 

The vehide shall be capable of acceleration on dry level surface from idle, 
from application d the throrde, in the forward direction from zero to 32.2 Km/jr (20 
mph) in seven seconds; and in reverse direction from zero to 16 Km/hr (10 mph), in five 
seconds. Assume n©"thrortie"linkage delay. 

h.  Engine:   See figures * and 3, 

i.   Shock.- 

The electric drive system must be able tc withstand a 15 g shock 1 oad in any 
direction. 
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CUMMINS ENGINE COMPANY, INC. 
Colwmbwt. Indi»«*» «7201 

AUTOMOTtvE PERFORMANCE cunvc 

BASIC ENGINE MODEL: 
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zi  19.5-Ton Vehicle Performance Requireaent c_ 

Tractive Effort - Lbs  Speed - KPH 

•5. 0 
5. 5 
6 8 
9 1 

13 7 
18 .3 
27 .U 
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APENDIX G 

HOMOPOLAR MACHINE DESCRIPTION 
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A F' P E N D I X H  H o m o p o 1 a r PI a. c h i n e D e s c r i p t i o n 

0ne of the vehicle drive system concepts seIected ut iIi zes 
homopolar (single pole) machines as the propulsive component» 
These direct current (DC) machines are characterized oy the low 
voltage (^ 50V) and high current nature of their output and the 
simplicity which is inherent in their design» 

&. 1  Hornopol ar liac h i n e 0p erat i on 

6.1.1  Vo 11age (3enerat i on 

Operation at the homopa1 ar machine is governed by Faraday's Law, 
which relates the mechanical machine parameters, rotational 
velocity, and magnetic flux to the voltage produced across the 
rotor (armature).  Specifically, Vo<Bwrj£ where; 

V = the voltage generated across the armature 

B  =  the density of the magnetic flu;-: passing 
rotor 

w = the rotational velocity of the rotor 

r =: the radius of the rotor drum 

Ji   = the active machine length (defined as the length of the 
rotor across which the magnetic flux passes) 

The manner in which this relation is satisfied by the machine is 
shown in Figure S.1.1-1. A solid rotor drum, made of iron or 
other low magnetic reluctance material, is captured within a thin 
conducting sleeve which is electrically insulated from the rotor. 
Electrical connections ar& made around the periphery at each end 
of the sleeve by a series of sliding brush contacts. Field 
coils, which ars wound in opposite directions from one another in 
a circumferential manner, a.rs placed around the rotor- near each 
end. The en tire str u c t ure is e n c a s e d wit h i n a ho us i n g of 
magnetic material to provide a low reluctance return path for the 
mag n et i c flu;■;. During operat i on as a gener at or (t h e h omop o 1 ar 
machine acts equally well in a motoring mode) the field coils are 
excited  with  a  DC current If g i v i n q to a  t or o i d a i 1 y 
or i ented magnet i c f 1 ux abou.t each of the coi 1 s„ The net f 1 ux 
density which passes across the active length of the rotor (Jb is 
the combined field from each of the field coils. As trie rotor is 
turned at. a rotational speed w, the lines of magnetic flux ß are 
c o n s t a n 11 y c u t b y t h e a c t i v e 1 e n q t h Jl_ , g e n e r a t i n g a d i f f e r e n t i a 1 
vo11age across the rotor drum which sat i sf i es Faraday's Law, 
This voltage is available at the two brush rings, and if 
connected to a load, will result in the flow of armature current 
I . 
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G. 1.2 "orque Generati an 

The  generation of torque by the^ homopolar machine i 
the vector relation  T" -  la 
through  consider at i on o-f the 
the  field  coils ex c i ted and 
armature, an armature current 
resistance   is  encountered 
interaction  o-f the two orthogonal vectors in the  di 
the  magnetic  -flu;-:  and  the armature current  give 
generated  -force tangential to the rotor drum, 
product  o-f  this  -force with the radius vector- 
results in a generated torque about the axis o-f 
t o r q u e i s t hi e n t ran s m i 11 e d along t h e s h a f1. 

(Jx B ) x "~F and is bes 
machine in a motoring 
a p o t e n t i a 1 V m  a p p i i e d 
I a -flow s p r o p o r t i o n a 1 t 
i n  t h e  a r m a t u r e   c i r 

The 
o-f 

t. h e r 

govern 
t under 
mode. 

acros 
o w h a t e 
c u i t. 
rection 

vector 
the  ma 
o t. CD r . 

e d b y 
stood 
W ■.!. t n 

s  t n s 
ver 

O T 

: h i n e 
This 

G.2  Homopolar Mach ine Character i st i es 

G.2.1  Machine Losses 

Homopolar electrical losses ar& a -function of three components; 
field coil resistance, armature sleeve resistance, and brush 
contact potential drop and resistance. O-f these, the brush 
losses a.r<a the most s i g n i -f i c an t con t r i but or , due t o t h e 
resistance vs wear tradeoff which must be analyszed when the 
brush materai is selected. For example, a greater brush force 
will accelerate brush wear, but will result in a lower resistance 
and less heating. Lower heat dissipation then helps to lengthen 
brush life. Active brush cooling helps to reduce some of these 
factors significantly. Mechanical losses are those normally- 
associated with rotary machinery; i.e., friction and windage. 
These losses are most prevalent in the machine,, and account for 
the majority of the total losses, particularly if there is little 
electrical load. 

G.2. bpeed/Torque Charac t er ist ice 

rat 

Electrical machines are characterized by the speed vs 
profile which defines the operatng limits at. any parti cui 
A representative curve for a homopolar machne is given in 
G. 2. 2 -1. T h e p r i m a r y m a c hine lim i t a t i o n i s t h e r rn a 1 
magnetic saturation or reaction torque demagnetization 
permanent magnet DC motors).  As long as adequate heat 

a n d e 1 i v e r r a t e d t o r q u e 
g h e r ,  n o n c o n t i n u o u s 
s o  a 11 a i n a b 1 e  a n d 

torque  .1. ev 

or 

provi ded, 
full speed 
at stall 
mai ntained 
ui timately 
the rotor 
t r a n s i e n t 1 o a d 

t h e h o m o p o 1 a r m a c h i n e c « 
range of the machine.   H 

very low speeds are a 
with  sufficient cooling.   btal 1 
1 i m i t e d b y b r u s h c u r r e n t d e n s i t y ,  w h :L c: h c o u. p 

tip speed,  for an envelope whit:: defines  the 

torque 
B.r   1 oad. 

Fi qu.re 
her than 
as  with 
iTiOVdl      1 S 

o v e r   t h e 
torques 
can      be 

e .1 s      a r e 
led   with 

max i mum 

b\ hi o m o p o 1 a r   G a i n / C o n t r o 1 

A  primary  advantage  of homopol ar machines iss  the  ability  to 
control  their operation through excitation of the field windings 
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at  a much reduced power level.   'This is in contrast tc  all 
drive  systems which require that a series controller capable 
handling the entire motor power be used to generate the neces 
AC wave-forms.   Homopolar machine gain is de-fined as the rati 
the  output power (mechanical for the motoring  mode,  eleccr 
for  the  generating  mode) to the -full excitation power 
•fiel d c oils 
of  25.   The  method of control is best demon 
6«2.3-1,  which  presents  a family of linear 
curves. 

;,resent homopo 1 ar desi gns y i e 1 d gai ns on the 
;t rated  by 
speed  vs  v 

T '■■ h e 
Q f" :.i e r 

F ■i-M At" e 
c i t ~i C e 

P oi e 
1 :L n ™ c? r 
ge 1 s 
Sine e 

Due to the si mp11c i ty of construc11on ana sing J 
of the machine, generated armature voltage is a 

function o f ro t a t i on a1 v e1ocity. The ma g n i t u d e o f t h e v o 3 
controlled by the level of magnetic flux in the machine, 
t h e f 1 u x level is d i r e c 11 y proportio n a 1 t o the f i e 1 a c u r r e n t. 
provided, a control parameter for machine speed is realized. In 
a similar manner, as shown in Figure S.2.3-2, the armature torque 
generated is a linear function of the armature current and the 
flux level. Hence torque control is also realized through this 
same control parameter. In a system which incorporates a 
homopolar motor and a generator, both speed and torque control 
are available to the user. 

G, 4  Power Density 

Power densities of homopolar machines are moderate in comparison 
with those of competing technologies. Although significantly 
better than those of conventinal DC machines or industrial AC 
induction motors, homopolar power densities are not as great as 
those of machines excited by high frequency AC (i.e., high 
frequency synchronous or hybrid, brush less machines). This is 
due in part to the low induction level of materials avail abie and 
thus t he amount of magnetic mat erial r equi r ed ta car r y the 
necessary f 1 ux level s. 11 shou 1 d be realized , however , that. i f 
t h e w e i g h t a n d v a 1 u Hi e r e q u iremsn t s o f t h e s e r i e s c a n t r en 11 e r 
required by each of the AC systems is incorporated into an 
overaII system wei ght for each of the a11ernate technology 
macines, a more equitable comparison is achieved. In such a 
comparison t he p o w e r d e n s i t y o f t he homop o1 a r s ys t em i < 
competi t:i. ve. 

u. Th er ma1 Req u iremen t s 

The homopo1 ar machnes recommended f or use as vehi c1e pr 
e 1 e m e n t s r e q u i r e I i q u i d c a a 1 i n q f o r p r a p e r a p e r a t i a n u n d e 
vehicle  loads.   This  is also true for other  high  per 

ihnoloqies (i h i g h f r e q u e n c y A C d r i v e n :hi nes) 
cooling of the homopolar machine rotor drum and brush as 
are flood cooled, and coolant is circulate*"! through each 
field c oils. There is no r e q u i r e m err!: r e g a r din g t hi e i o n 
of the coolant due to the low potentials which exist wit 
machine. Precautions, however, should be taken to 
c o o1 ant c1e an1i n es s c on s ist en t with t h at r eq u i r ed b y mac 
similar precision. 

opulsive 
r normal 
+ormance 
Internal 
sembIi es 
of t h e 
content 

h i n t n e 
mai ntain 
hines of 
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B.2.6.  Rotor Inert i a 

Rotor   inertia  of  drum  con-figured  homopolar   machines 
competitive  will  all alternate technology machines and  in 
cases,  such as with large diameter brushless motor 
significantly  better.   Rotor  magnetic  material 

are 
many 

Ü...SHT ) ,  are 
CM a s s  i s  t n e 

primary influence on this parameter due to the requirement of a 
complete flu;-; circuit path. Several innovative inertia reduction 
techniques have been proposed which could ultimately reduce 
homopolar inertias to less that 23 percent of present designs, 
r e s u 11 i n g in e ;•; t r e m e 1 y r e s p o n sive h i g h p o w e r m a c h in e s w i t h s e r v o - 
d r i v e a p p 1 i c a t i o n s. 
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H.l General 

In this section, induction, synchronous, and permanent magnet machines 
are briefly described in terms of their operation. 

H.2    Induction Motors. Induction motors are probably the most universal 
of all motors in present use. They are characterized by extreme simplicity, 
very rugged construction, high reliability, and low manufacturing cost. AC 
induction motors can be designed to operate over wide frequency extremes and 
are very tolerant to waveshape (although reasonable sine waves are prefer- 
able), and applied voltage variations. They can be easily designed for 
single, two, or three or more phased operations. While single-phased motors 
are not easily reversible, three-phased designs can be reversed electrically. 

Operation of induction motors is best described by transformer theory. For 
simple example purposes, the Stator winding can be considered as the primary 
winding and the rotor the secondary winding. However, the rotor winding is 
essentially a number of parallel, shorted turns. Thus, voltage so induced 
across the airgap causes a voltage and appropriate current to circulate in the 
rotor windings. This rotor current produces a reactive force which opposes 
the stator current, producing rotation of the armature which is attached to 
the output shaft. The motor/transformer analogy, however, is no longer valid 
when the airgap is considered. In a well-designed multiphase power trans- 
former, the airgap is made as small as possible to minimize the loss in power 
conversion from the primary to secondary winding. In the induction motor, the 
airgap must provide a correct balance of induced flux in the rotor and airgap 
loss. Due to the series relationship of the motor windings and the airgap, 
and the low resistance of the rotor windings, large currents flow in the rotor 
conductors when small voltages are present at the rotor windings. This action 
directly depends on the voltage and current relationships resulting from 
application of the turns ratio of the stator and rotor windings. 

The motor "series" airgap thus balances the excess voltage flux wave not 
required by the rotor to maintain the rotating speed. In the transformer 
analogy, this would be equivalent to a high leakage reactance design with a 
mechanical separation between primary and secondary windings. In this spe- 
cific case, the leakage reactance balances the excess flux when the secondary 
winding is shortcircuited. 

So far, the discussion has established the theory of rotation for the arma- 
ture. For the armature to actually rotate, the airgap flux wave must also 
rotate, either continuously, as in a three-phase AC system, or instantan- 
eously, as in a single-phase AC system. For single-phase systems, a capacitor 
or separate start-winding is required to shift the phase of the airgap flux 
wave to start rotation. However, for electric vehicle use, we will consider 
only the three-phase power system since the three-phase AC system has a 
naturally occurring flux field rotation. 
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The transformer analogy of induction motors can also be extended to the rela- 
tive sire of the motor! The well known transformer equation relating flux 
density applied voltage, core area, and frequency (a specific application of 
Faraday's law) applies directly to AC induction motors. Thus, for low fre- 
Quency A? ystem?, the area and volume of stator and rotor iron required to 
support the applied voltage will be greater than for higher frequencies 
CoKled with the naturally rotating flux wave of three-phase systems, this 
sets the physical dimensions of the motor. It also allows for a convenient  . 

ntrol of motor speed by varying the applied frequency sincj, changing the 
frequency results in a change in the rotating flux field in the a ^ap. 
Generally, industrial induction motors can be operated over a minimum of 2/1 
speed range with some operation of up to 4/1. 

Electric vehicle application experience using AC induction motors has been 
favorable  Extensive design and testing of induction motor powered vehicles 
took place in the early 1970's. The test results were generally satisfactory- 
!?te major problem being the reliability of the variable ^«y ijjerter 
The development effort did, however, establish desirable characteristics for 
tie  fnduc?r0n motor (mainly^ reduced size and weight, and improved efficiency) 
for electric vehicle use. 

H -i synchronous Motors. In the discussion dealing with induction 
rotors it was established that the rotor reactive force is developed by 
indeed voltage and the resultant current is transformed from the stator wind- 
ng  As the reactive force creates armature rotation, the actua armature 
political relationship with respect to the induced rotor flux will be si ght- 
ijreiarded. As the motor approaches full speed, the positional relationship 
becomes relatively constant, and thus rotates at a speed equal to 3 to 10 
percent of the applied frequency base speed. This difference in rotor speed 
as a ratio of base speed is defined as the slip speed. 

A special case can be made for AC induction motor designs in which the slip 
ratio is held at unity. Under this circumstance the rotor speed and the field 
flux rotational speed are equal. Motors of this type thus have a synchronous 
speed relationship, and bear this name. Synchronous motors are characterized 
by having wound rotors which can be separately excited from an external volt- 
aqe source, rather than excited through induction from the stator winding. 
?nis capability allows for establishing a high reactive force in the armature 
even at zero rotor speed. It holds that the stator induced field flux and the 
rotor reactive force developed from separate power can be individually con- 
trolled  Since the rotor reactive force determines the motor torque and the 
stator frequncy controls the motor speed, the synchronous motor has the inher- 
ent characteristics desirable for electric vehicle applications. An addi- 
tional control characteristic is available in synchronous motors because of 
slip frequency. Since by definition, synchronous operation requires that the 
sllS frequency be unity, a change in slip frequency requires a corresponding 
in rotor speed to maintain the motor magnetic circuit in balance. In syn- 
chronous motors, the slip ratio can be controlled by a change in the rotor 
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excitation. Thus for electric vehicle applications, either the stator fre- 
quency or rotor excitation may be changed to command acceleration or deceler- 
ation, as required. 

Recent developments in synchronous motors and generators have eliminated the 
requirement for direct excitation connections to the rotor windings. 
Figure H.3-1 illustrates the system for controlling the rotor excitation by 
additional components attached to the common output shaft. The key feature of 
this system is the integral AC exciter/alternator and rotating rectifiers. 
This system can produce the required rotor excitation very efficiently due to 
the transformation action of the alternator. System controlability is excel- 
lent due to the high gain available in the control loop. Due to the trans- 
formation characteristics of the AC exciter, small, low-power error signals 
can command the motor/generator system over the full-rated power range. 
Response times are very short and thus the system is very reactive to operator 
inputs. This command/control characteristic is desirable in electric vehicle 
drive systems to maintain both responsiveness and stability. 

H.4     Permanent Magnet Brushless DC Motors. During the mid-1950's, 
development of high energy magnet materials allowed designers to employ these 
permanent magnets in motor structures as the source of rotor excitation. As 
permanent magnet materials have improved, designers have applied them to 
larger motors which at present range up to 50-100 Horsepower. Early develop- 
ment of the permanent magnet motor was characterized by simply substituting 
the magnet for a wound-field structure in shunt-wound DC motors. The motor 
thus performed in a similar fashion to the conventional, DC mechanically- 
commutated motor, except that motor speed increased linearly with applied 
voltage. This characteristic is due to the fixed, constant-level of field 
flux generated by the permanent magnets. 

While the speed versus applied voltage linearity was recognized as a desirable 
characteristic, the speed versus torque curve reacts in an opposite manner. 
Thus, while speed increases with voltage, torque decreases with speed in a 
reasonably linear fashion. These features of the permanent magnet motor, 
while usable in many applications—including small electric vehicle drives, 
would not be sucessful in large electric vehicle drives where extreme 
performance is the requirement. 

Within the past ten years, development efforts in permanent magnet motors have 
produced a true hybrid motor. These hybrid motors have many of the desirable 
characteristics of DC motors (such as speed versus voltage linearity) while 
being controlled and commutated from an AC source. This family is generally 
labeled "Brushless" DC motors. 

Brushless DC motors are characterized by their construction which is similar 
to a conventional multiphase AC motor, except the usual peripherrl field perm- 
anent magnets are replaced by a multiphase (usually three) winding powered by 
an electronic inverter. The inverter is operated at selected frequencies 
which are dependent on motor design and provide the electronic commutation 
function. The permanent magnets are attached to the rotor in a manner which 
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provides for field flux in the stator/rotor airgap. This design allows for 
considerable flexibility in the rotor design and the number of poles available 
for reacting with the rotor. These design variables result in two basic 
brushless motor designs: one having small rotor diameters, few poles, and a 
magnet length dependent upon the horsepower requirement; and one having large 
rotor diameters many poles and, relatively short magnet length. Generally 
these two motor types are classified as High Speed/Low Torque (HSLT), and Low 
Speed/High Torque (LSHT) designs. 

Excellent thermal characteristics is one of the major features of the brush- 
less motor design. With the heat-generating windings situated on the stator, 
low thermal resistance in the stator iron allows for relatively unimpeded heat 
flow to the outside motor shell. Appropriate cooling can be employed to 
removed this heat and maintain the motor at rated temperature. Very little 
heat is generated by the permanent magnet rotor structure and, consequently, 
the rotor temperature rise is minimized. 

General reliability of brushless motors is very favorable. Care must be used 
in selecting the motor type, however, so that vibration and shock do not cause 
damage to the magnet structures. Although minor cracking of the magnets will 
not cause a major motor failure, cracks can cause degradation in motor per- 
formance. A more significant failure can result if the magnets fragment and 
produce chips which can lodge in the airgap. 

Brushless DC motors offer desirable features to electric vehicle drives. The 
control characteristics, when considered with the capabilities of electronic 
commutation controllers, offer the potential for independent speed and torque 
control. Motor efficiency is high and the construction provides excellent 
thermal dissipation. Further, as defined by the vehicle specifications, the 
brushless motor may be designed for high- or low-speed operation with the 
appropriate resultant torques. 
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